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INTRODUCTION 


Tfri  i  report  pt’imn  background  and  studie sheading  to  -HN£©*&-~-  cAa^ 

recommendation  for  the  basic  configuration  of  the  high-power,  very-low- 
frequency  antenna  system  on  which  final  design  was  developed  for  the 
VLF  antenna  to  be  constructed  at  the  U,  S.  Navy's  VLF  Communication 
Facility, ^tt-North  West  Cape,  Western  Australia-r  The  recommendation, 
subsequently  accepted  by  the  Navy,  was  based  on  work  accomplished 
under  a/preliminary  engineering  phase  and  continued  under  the  final 

desigry  contract. 

j 

/  Under  Bureau  of  Yards  and  Docks  Contract  NBy-37598,  a 

I 

Feasibility  Study  and  Preliminary  Engineering  Report  for  the  VLF 
Communication  Facilities,  Pacific  (Ref.  1)  was  developed  by  the  Joint 

f 

Venture  firm  of  Developmental  Engineering  Corporation  (later, 

D^CO  Electronics ,  Inc.)  and  Holmes  &  Narver,  Inc.  The  final  design 
effort  based  on  these  preliminary  studies  was  carried  out  under  Contract 
NBy-37  636  between  the  Bureau  of  Yards  and  Docks  and  the  augmented 
Joint  Venture  firm,  HNCD,  comprised  of  Holmes  &  Narver,  Inc., 

Continental  Electronics  Manufacturing  Company  and  DECO  Electronics,  Inc. 


y  Four  basic  approaches  were  considered  under  the  preliminary 
engineering  phase:  a  complete  Cutler -type  antenna  scaled  down  to  about 
nine-tenths  size,  a  single  3000-foot  vertical  radiator,  a  pair  of  2200-foot 
vertical  radiators  operated  simultaneously  and  a  single  modified  Cutler- 
type  antenna.  The  latter,  a  single  section  of  the  Cutler  antenna  scaled 
upward  by  a  factor  of  1.23  was  selected  as  the  most  economical  of  the 
designs  examined  and  formed  the  basis  for  further  work  in  the  Preliminary 
Engineering  Report  (PER)  and  the  initial  base  for  the  final  design  effort. 


The  electrical  parameters  for  the  basic  antenna,  as  estimated  in 
Supplement  1  (Ref.  2)  to  the  PER,  were  subjected  to  scale  model  studies 
(Refs.  3,  4)  under  Change  Order  F  to  the  same  contract.  In  the  course 
of  the  model  studies,  information  was  developed  with  regard  to  electrical 
performance  under  various  structural  configurations  as  outlined  later 
under  Section  3,  Basis  for  Electronic  Analysis.  It  was  left,  however,  to 
the  final  design  contract  to  analyze  this  data  in  more  detail  and  to  develop 
costs  corresponding  to  the  various  electronic  parameters  so  that  an 
optimum  design  could  be  pursued  under  the  detailed  final  design  effort. 

It  is  the  purpose  of  this  report  to  document  those  further  electronic 
analyses  and  structural  cost  studies  and  their  composites  which  were 
analyzed  to  develop  the  configuration  selected  for  final  design, 

Navy-Joint  Venture  conferences  were  held  in  early  January  and 
early  February  to  review  developments  toward  the  antenna  selection  and 
to  resolve  problems  which  developed.  The  final  recommendation  of 
the  Joint  Venture  was  forwarded  to  the  Navy  by  letter  of  7  February  1962 
(Ref.  5)  and  the  selected  basic  configuration  concurred  in  by  reply  letter 
of  20  February  1962,  Serial  238  (Ref.  6). 

This  report  is  aimed  basically  at  showing  the  development  of  the 
design  to  the  point  of  recommendation  in  the  HNCD  letter  of  7  February  1962. 
Since  an  appreciable  time  has  elapsed  since  the  recommendation  was 
made  and  basic  selection  approved,  it  should  be  borne  in  mind  that  the 
report  reflects  the  thinking  and  conditions  at  a  time  before  final  decisions 
relating  to  all  major  features  of  the  towers  and  top  hat  system  had  been 
made.  Consequently,  it  is  to  be  expected  that  some  of  the  details  contained 
in  the  report  will  not  reflect  conditions  as  finally  evolved.  Any  such 
differences  have  stemmed  from  later  developments  in  the  course  of  the 
final  design  process . 


1-2 


One  item  of  particular  note  which  occurred  subsequent  to  the 
basic  configuration  selection  is  discussed  since  it  is  a  major  feature  in 
the  finally  developed  system.  This  is  the  non-counterweighted,  or  fixed- 
halyard,  system  used  in  lieu  of  the  original  counterweighted  system  which 
forms  the  basis  for  this  report.  While  the  modification  would  have  had 
no  major  influence  on  the  selection  of  the  optimum  combination  of  antenna 
height  and  top  hat  span,  there  is  an  economic  importance  associated  with 
the  use  of  fixed  halyards  which  justifies  inclusion  of  the  study  in  this 
report  for  completeness. 
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SCOPE  OF  STUDY 


2 ,  1  Electronic  Considerations 

In  the  electronics  portion  of  the  antenna  selection  study, 
several  items  were  considered.  These  included  the  critical  item  of 
developing  means  of  increasing  the  resonant  frequency  of  the  system,  the 
effect  of  coupling  circuitry  on  maximum  operating  frequency,  and  the 
further  analysis  of  data  gathered  under  the  Change  Order  F  tests.  This 
information  was  combined  with  cost  information  developed  for  various 
combinations  of  top  hat  heights  and  spans  to  arrive  at  a  practical  optimum 
for  maximum  bandwidth  for  no  more  than  the  antenna  system  cost  developed 
in  the  PER. 

During  the  course  of  the  study,  approximate  ground  system 
cost  variations  with  top  hat  heights  and  spans  were  also  developed  as 
were  the  main  string  insulator  requirements  as  a  function  of  top  hat  voltage. 
Results  of  final  model  studies  are  contained  in  the  report  "Model  Studies 
of  the  VLF  PAC  Antenna"  (Ref.  7). 

2.2  Structural  Considerations 

This  investigation  consisted  of  two  phases.  The  first  phase 
considered  optimization  of  the  structural  system  with  respect  to  electronic 
performance.  For  this,  preliminary  structural  designs  were  developed 
for  18  cases  involving  various  tower  heights  and  top  hat  spans  chosen  to 
cover  the  range  considered  in  the  electronic  performance  determinations. 
Costs  were  developed  for  each  of  the  18  cases,  in  all  of  which  sloping 
counterweighted  halyards  were  assumed.  Figure  2-1  shows  the  layout  of 
the  tower  and  antenna  system,  and  Fig.  2-2  summarizes  the  principal 
dimensions  for  the  various  cases. 
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A  second  phase  considered  the  effect  of  varying  certain 
structural  parameters.  The  intent  of  this  phase  was  to  study  the  effect 
and  develop  the  costs  of  changing  the  length  of  the  cantilever  at  the  top 
of  the  tower  for  both  sloping  and  vertical  halyard  systems.  Again,  these 
costs  were  evaluated  in  terms  of  the  electronic  performance  under  corres¬ 
ponding  structural  conditions.  These  tower  systems  also  utilized 
counterweighted  halyards. 

An  additional  investigation  conducted  after  the  basic  antenna 
configuration  was  selected  studied  a  fixed  (non -counterweighted)  sloping 
halyard  system  in  lieu  of  the  counterweighted  system.  It  is  reported 
here  for  completeness. 

^  The  structural  criteria  used  was  consistent  with  that  previously 

used  in  the  Preliminary  Engineering  Report  phase  (Ref.  1).  The  analysis 
*  approach,  however,  was  necessarily  less  refined  than  that  of  Ref.  2  because 

I  of  time  limitations. 

! 

A  reasonably  accurate  structural  analysis  of  the  top  hat  for  the 
j  single  modified  Cutler  antenna  was  available.  This  analysis  served  as  a 

basis  for  estimating  pulloffs  ,  conductor  tensions  and  counterweight  masses 
for  the  various  configurations. 

Figures  2-3,  2-4  and  2-5  show  the  makeup  of  the  tower  and 
guying  system  for  the  shortest  towers,  the  single  modified  Cutler  antenna 
towers  (aspect  ratio**  1.0;  similitude  ratic?:‘  =  1.0)  from  the  PER,  and  the 
tallest  towers,  respectively.  The  figures  represent  the  extremes  and 
the  approximate  average  of  guy  sizes  and  tower  heights. 


*  For  definitions  of  "aspect  ratio"  and  "similitude  ratio",  see  Paragraph  3. 
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G>6,82'(MiH) 
10,218’ (MAX.) 


FIG.  2-2  SUMMARY  OF  DIMENSIONS 


Elevation 


FIG.  2-3 


"B"  TOWER  (ASPECT  RATIO  =  0.70:  SIMILITUDE  RATIO  =  1.10) 


3. 


BASIS  FOR  ELECTRONIC  ANALYSIS 


3.  1  General 


The  electronic  analysis  was  an  extension  of  the  work  under¬ 
taken  in  the  PER  phase  in  which  the  single  modified  (1.28)  Cutler  antenna 
was  selected  for  first  design.  Since  the  results  of  this  earlier  work  formed 
the  basis  for  the  final  design  development,  pertinent  aspects  are  briefly 
reviewed. 


The  electronic  effects  of  the  number  of  guy  levels,  the  top 
hat  halyard  pulloff  system  (vertical  vs  sloping),  the  amount  of  tower 
cantilever,  compensation  for  these  effects  by  change  of  the  B  tower  height, 
and  selected  locations  of  the  transmitter  building  were  determined  under 
Change  Order  F.  Analysis  of  the  resultant  data  indicated  no  significant 
effect  of  the  number  of  guys  used  (4,  5  or  6)  nor  of  the  location  of  the 
transmitter  building  relative  to  the  helix  house.  A  preliminary  optimum 
compromise  of  halyard  type,  cantilever,  and  B-tower  compensation,  based 
on  approximate  cost  trends,  was  used  for  the  succeeding  model  studies 
conducted  under  Change  Order  F. 

The  compromise  solution  of  vertical  halyard,  10-foot  canti¬ 
lever  lengths  and  45-foot  B-tower  compensations  (relative  to  a  strictly 
scaled  1.  28  Cutler-size)  was  applied  to  the  model  used  in  developing  the 
aspect  ratio*  data.  This  electrical  data  was  one  of  the  prime  factors  in¬ 
volved  in  gaining  increased  bandwidth  without  increasing  antenna  system 


*  Throughout  this  report  the  terms  "aspect  ratio"  and  "scale  factor"  or 
"similitude  ratio"  are  used  repeatedly.  Definitions  developed  in  earlier 
reports  are  summarized  here  for  convenience:  "Aspect  ratio"  a  is  de¬ 
fined  as  the  ratio  of  outer  tower  height  to  maximum  top  hat  span,  nor¬ 
malized  to  the  I.  28-Cutler  dimension.  "Scale  factor"  or  "similitude 
ratio"  s  relates  all  linear  dimensions  to  the  1. 28  Cutler  design  for 
unity  aspect  ratio. 
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cost  over  that  of  the  PER  configuration.  The  aspect  ratio  study  developed 
the  basic  electrical  performance  data  for  a  Cutler -type  antenna  whose 
height,  in  relation  to  horizontal  dimension,  was  varied  above  and  below 
that  of  the  PER  configuration  (1.  28  times  a  single  Cutler  section).  For 
the  same  plan  configuration  and  size,  the  1.28  Cutler  antenna  was  varied 
in  height.  Increases  of  20  and  40  per  cent  above,  and  decreases  of  15 
and  30  per  cent  below  the  PER  size  were  investigated. 

The  characteristics  of  the  antenna  at  the  five  specific  aspect 
ratios  were  determined  by  model  techniques.  Intermediate  points  may 
then  be  determined  from  curves  developed  from  the  measured  data.  By 
further  analysis,  expansion  of  the  "measured"  curves,  either  upward  or 
downward,  is  possible  by  similitude  scaling.  Table  3-1  summarizes  the 
basic  data  resulting  from  the  aspect  ratio  studies;  Figure  3-1  is  a  plot  of 
these  basic  parameters  in  the  region  of  primary  interest.  In  developing 
further  information  in  the  study,  data  taken  from  the  smooth  curves  of 
Figure  3-1  was  used  as  a  base. 

3.  2  Resonant  Frequency  Studies 

The  resonant  frequency  characteristics  of  the  single  modified 
Cutler  antenna,  scaled  upward  to  1.  28  times  the  size  of  one  of  the  Cutler 
sections,  was  recognized  as  a  critical  item  in  Supplement  1  to  the  PER. 
Under  strict  upward  scaling  of  the  Cutler  configuration  the  resonant  fre¬ 
quency,  and  consequently  the  upper  limit  of  operating  frequency,  was 
predicted  to  require  series  capacitance  to  tune  to  30  kc,  the  desired  upper 
limit  of  operating  frequency.  Inclusion  of  such  tuning  element  required 
not  only  the  capacitor,  but  also  added  such  other  components  as  switches 
and  a  static  drain  inductor,  and  required  expansion  of  the  helix  house 
volume  to  accommodate  the  added  components.  Recognizing  the  significant 
additional  cost,  one  of  the  first  steps  in  planning  the  final  model  effort  was 
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a  study  of  selected  means  of  increasing  the  antenna  resonant  frequency  in 
an  effort  to  achieve  the  desired  upper  operating  frequency  of  30  kc. 

3.  3  Performance  Requirements 

A  Navy- Joint  Venture  meeting  early  in  January  1962,  dis¬ 
cussed  the  preliminary  results  of  the  aspect  ratio  versus  cost  study,  and 
the  resonant  frequency  studies  to  that  date.  The  results  available  indicated 
that,  at  no  additional  cost  for  the  basic  antenna  system,  some  gain  could 
be  made  in  bandwidth  by  adjusting  the  aspect  ratio  downward  and  similitude 
scale  factor  upward.  Simultaneously,  however,  using  an  estimated  effect 
of  the  coupling  circuitry  on  the  antenna  resonant  frequency,  it  appeared 
that  the  desired  maximum  operating  frequency  of  3  0  kc  could  not  be  achieved 
simultaneously  with  the  gain  in  bandwidth  without  the  use  of  a  capacitive 
tuning  element.  Cons equently ,  certain  criteria  for  the  antenna  to  be 
selected  were  modified  by  the  Navy  to  the  following: 

1.  Antenna  bandwidth  (100  per  cent  efficiency)  - 
37.  5  cycles  at  15,  5  kc. 

2.  Upper  limit  of  system  operating  frequency  - 
not  less  than  28.5  kc. 

3.  No  tuning  capacitors  to  be  required  to  meet 
(2)  above. 

Other  basic  requirements  remained  unchanged,  including: 

1.  Estimated  cost  -  not  to  exceed  estimated  cost 
of  the  single  modified  (1.28)  Cutler  antenna. 

2.  1  megawatt  radiated  at  15.5  kc. 

3.  Operation  down  to  14  kc,  at  relaxed  performance, 
if  necessary. 
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3.4  Tolerances 


In  complying  with  the  electronic  requirements  outlined 
above,  it  was  necessary  to  recognize,  as  in  any  measurement  program, 
that  the  results  have  some  degree  of  tolerance.  Therefore,  an  estimate 
of  this  degree  of  accuracy  of  the  data  was  required  to  give  a  reasonable 
assurance  that  the  desired  results  would  be  achieved.  In  the  performance- 
cost  evaluation,  it  was  readily  apparent  that  such  an  estimate  was  needed 
to  intelligently  select  the  optimum  antenna  configuration. 

Throughout  the  collection  of  model  data,  continued  improve¬ 
ment  was  made  in  measurement  techniques,  analysis  procedures,  and 
consequently,  in  the  accuracy  of  the  resulting  information.  Considering 
the  various  factors  involved,  the  probable  errors  for  the  various  basic 
measurements  were  regarded  as  within  the  following  tolerances: 

Effective  height  plus  or  minus  2% 

Static  capacitance  plus  or  minus  1% 

Resonant  frequency  plus  or  minus  1% 

It  was  necessary,  therefore,  that  these  tolerances  be  applied 
to  the  basic  curves  in  order  to  provide  a  sufficient  margin  of  safety  to 
assure  the  probability  that  the  end  results  would  meet  the  requirements. 

In  addition  to  the  above  parameters  predicted  directly  from 
measurements,  the  resulting  effect  on  the  pertinent  parameter  of  band¬ 
width  was  also  evaluated.  Since  bandwidth  is  proportional  to  the  square 
of  the  effective  height  and  the  first  power  of  capacitance,  it  follows  that 
the  tolerance  for  the  predicted  bandwidth  is  approximately  plus  or  minus 
5  per  cent. 
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Departures  from  measurements  or  derived  information,  in 
accordance  with  the  tolerances  above,  must  be  recognized.  Throughout 
the  study,  the  conservative  approach  with  regard  to  tolerances  was 
obviously  followed  in  order  to  assure  the  greatest  probability  of  com¬ 
pliance  with  the  specified  operation. 
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TABLE  3-1 


BASIC  ANTENNA  PARAMETERS 
SINGLE  MODIFIED  CUTLER  ANTENNA 


From  model  measurements -converted  to  full  scale  values 
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FIG.  3-1  ANTENNA  PARAMETERS  -  FROM  MODEL  MEASUREMENTS 

4  WIRE  CAGE  DOWNLEADS 


BASIS  FOR  STRUCTURAL  ANALYSIS 


4.  1  General 

This  preliminary  design  effort  was  confined  to  the  inner  row 
of  towers  (B  towers).  To  estimate,  cost  of  the  A  and  C  towers  and  counter¬ 
weight  towers,  it  was  assumed  that  the  relationship  between  the  costs  of 
these  various  towers  was  in  accordance  with  those  previously  derived 
from  cost  estimates  set  forth  in  Ref.  1.  The  previous  studies  of  Ref.  1 
demonstrated  that  tubular  towers  for  supporting  the  top  hat  system  are 
essentially  identical  in  cost  to  their  framed  counter -parts ;  consequently, 
the  further  studies  of  Ref.  2  and  this  investigation  also,  considered  tubular 
towers  to  take  advantage  of  a  large  saving  in  design  time.  The  material 
considered  was  A-7  steel  throughout. 

4. 2  Towers 

4.2,1  Aspect  Ratio  Study 

The  compressed  time  scale  available  for  the  preliminary 
design  of  18  towers  completely  eliminated  the  possibility  of  any  compu¬ 
tation  refinement,  computer  based  or  otherwise,  and  dictated  the  use  of 
numerous  simplifications.  These  simplifications  were  chosen  so  to 
provide,  as  far  as  possible,  uniformity  in  the  degree  of  optimization  for 
each  tower-lop  hat  system.  One  such  simplification  was  to  make  all 
height  increments  between  guy  levels  proportional  to  those  of  the  B  tower 
of  Ref.  2,  (hereafter  designated  as  the  reference  tower).  In  addition,  the 
deflection  pattern  for  each  tower  design  was  assumed  to  be  proportional 
to  that,  of  the  reference  tower,  and  the  tower  shaft  diameters  were  varied 
from  6.  5  feet  to  9.  0  feet,  depending  on  height. 

Tower  loading  conditions  assumed  for  each  study  were 
as  outlined  in  Appendix  H  of  Ref.  1.  Pulloff  loads  from  the  top  hat  were 
obtained  by  extrapolations  of  previous  data, 


The  approximate  method  of  tower  analysis  utilized  the 
assumed  deflection  curve  previously  described  and  consisted  of  the 
following  steps: 

(a)  Fixed-end  moments  derived  from  the  wind, 
top  hat  pulloffs,  and  assumed  deflected  shape, 
were  distributed  in  the  conventional  manner 
to  obtain  end  moments. 

(b)  Cross-sectional  areas  of  the  guys  at  any 
level  relative  to  those  of  the  reference 
tower,  were  assumed  to  be  proportional  to 
the  simple  beam  wind  reaction. 

(c)  Axial  thrust  increments  due  to  guy  tension  at 
each  guy  level  were  assumed  to  include  the 
vertical  component  of  initial  tension  plus  the 
vertical  component  induced  by  the  simple 
beam  reaction.  These  were  combined  with 

the  vertical  component  of  the  top  hat  pulloff  and 
the  tower  dead  load  to  give  the  total  axial  thrust 
at  any  given  level. 

(d)  Wall  thicknesses,  based  on  the  assumed  use  of 
A-7  steel,  were  selected  according  to  the 
criteria  of  Ref.  1 . 

Tower  anchor  blocks  were  sized  on  the  basis  of  the  simple  beam 
reactions  at  each  guy  level  relative  to  those  of  the  reference  tower.  The 
size  of  the  footing  under  each  tower  was  proportioned  on  the  basis  of  axial 
thrust  at  the  base  relative  to  that  of  the  reference  tower. 

4.2.2  Effect  of  Varying  Cantilever  Projection  and  Halyard  Type 

This  portion  of  the  investigation  studied  the  effect  of 
varying  the  height  of  the  cantilever  sections  above  the  top  guy  level  on  towers 
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having  a  similitude  ratio  of  1 . 0  and  an  aspect  ratio  nominally  equal  to  unity, 
and  using  both  sloping  and  vertical  halyard  systems.  For  both  halyard 
systems,  cantilever  projections  of  10,  30,  and  57  feet  were  investigated, 

10  feet  being  considered  an  approximation  of  a  practical  minimum,  and 
57  feet  being  the  projection  used  in  Ref.  2.  The  influence  of  cantilever 
projection  and  the  effect  of  type  of  halyard  (sloping  vs.  vertical),  on  the 
electronic  characteristics,  required  different  total  heights  for  each  tower. 
For  this  reason,  the  towers  with  10  foot  cantilevers  were  higher  than 
those  having  30  or  57  foot  cantilevers,  and  towers  with  sloping  halyards 
were  higher  than  those  with  vertical  halyards.  The  analysis  procedure, 
as  in  the  case  of  the  aspect  ratio  study,  was  based  on  maintaing  a  tower 
deflection  pattern  proportional  to  that  of  the  reference  tower.  However,  the 
method  of  analysis  of  each  tower  was  somewhat  more  refined  than  that  used 
in  the  aspect  ratio  study  in  that  it  was  possible  in  this  instance  to  utilize 
guy  data  made  available  from  the  computer  program  (GLAD)  in  all  calcu¬ 
lations.  After  assuming  a  deflection  curve  for  the  tower  under  wind,  guy 
sizes  were  selected  so  as  to  result  in  a  deflection  consistent  with  the 
deflection  pattern  assumed.  End  moments  were  then  computed  by  the 
method  of  balancing  angle  changes  described  in  Ref.  1,  in  a  simplified 
version  which  neglected  the  somewhat  minor  influences  of  guy  couples  and 
axial  thrust.  Thereafter,  reactions  and  deflections  were  computed  at 
each  guy  level  and  the  computed  deflections  were  then  compared  against 
those  assumed,  for  purposes  of  detecting  significant  variations  from  the 
assumed  shape  of  the  deflection  curve.  The  remaining  analysis  paralleled 
that  of  the  aspect  ratio  study,  except  that  tower  axial  thrust  and  footing 
and  anchor  block  design  utilized  the  computer -derived  data  previously 
mentioned. 

4.2.3  Fixed  Halyard  Study 

The  effect  of  using  fixed  (non -counte rweighted)  halyards 
was  studied  for  the  case  of  a  sin.ilitude  ratio  of  1 . 0  and  a  nominal  aspect 
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having  a  similitude  ratio  of  1.0  and  an  aspect  ratio  nominally  equal  to  unity, 
and  using  both  sloping  and  vertical  halyard  systems.  For  both  halyard 
systems,  cantilever  projections  of  10,  30,  and  5?  feet  were  investigated, 

10  feet  being  considered  an  approximation  of  a  practical  minimum,  and 
57  feet  being  the  projection  used  in  Ref.  2.  The  influence  of  cantilever 
projection  and  the  effect  of  type  of  halyard  (sloping  vs.  vertical),  on  the 
electronic  characteristics,  required  different  total  heights  for  each  tower. 
For  this  reason,  the  towers  with  10  foot  cantilevers  were  higher  than 
those  having  30  or  57  foot  cantilevers,  and  towers  with  sloping  halyards 
were  higher  than  those  with  vertical  halyards.  The  analysis  procedure, 
as  in  the  case  of  the  aspect  ratio  study,  was  based  on  maintaing  a  tower 
deflection  pattern  proportional  to  that  of  the  reference  tower.  However,  the 
method  of  analysis  of  each  tower  was  somewhat  more  refined  than  that  used 
in  the  aspect  ratio  study  in  that  it  was  possible  in  this  instance  to  utilize 
guy  data  made  available  from  the  computer  program  (GLAD)  in  all  calcu¬ 
lations.  After  assuming  a  deflection  curve  for  the  tower  under  wind,  guy 
sizes  were  selected  so  as  to  result  in  a  deflection  consistent  with  the 
deflection  pattern  assumed.  End  moments  were  then  computed  by  the 
method  of  balancing  angle  changes  described  in  Ref.  1,  in  a  simplified 
version  which  neglected  the  somewhat  minor  influences  of  guy  couples  and 
axial  thrust.  Thereafter,  reactions  and  deflections  were  computed  at 
each  guy  level  and  the  computed  deflections  were  then  compared  against 
those  assumed,  for  purposes  of  detecting  significant  variations  from  the 
assumed  shape  of  the  deflection  curve.  The  remaining  analysis  paralleled 
that  of  the  aspect  ratio  study,  except  that  tower  axial  thrust  and  footing 
and  anchor  block  design  utilized  the  computer-derived  data  previously 
mentioned. 

4.2.3  Fixed  Halyard  Study 

The  effect  of  using  fixed  (non -counte rweighted)  halyards 
was  studied  for  the  case  of  a  similitude  ratio  of  1 . 0  and  a  nominal  aspect 
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ratio  of  1.0,  adjusted  electronically  to  compensate  for  the  increased  top 
hat  sag  required  for  a  non -c ounterweighted  system.  The  approach  used 
was  identical  to  that  described  in  the  preceding  section. 


4.  3  Top  Hat 

4.3.1  Aspect  Ratio  Study 

The  load  case  selected  for  the  top  hat  study  was  wind 
parallel  to  the  catenary.  The  conductor  size  (1-1/8"  Alumoweld) 
selected  for  the  study  of  the  single  modified  Cutler  antenna  system, 

(Ref.  2),  was  used  throughout  this  investigation,  A  constant  proportion 
of  sag  to  span  was  maintained  for  all  similitude  ratios.  Pulloffs, 
conductor  tensions,  and  counterweight  requirements  were  assumed  to  be 
proportional  to  the  total  wind  load  acting  on  the  top  hat.  To  determine 
the  variation  of  counterweight  tower  and  counterweight  cost  with  changes 
in  aspect  and  similitude  ratios,  a  rough  trial  design  was  made  based  on 
the  combination  of  these  two  parameters  which  yielded  an  extreme  maximum. 
The  change  in  cost  from  that  of  the  counterweight  and  counterweight  tower 
of  Ref.  2  was  not  a  large  percentage  of  the  total  cost  of  the  antenna  system; 
consequently,  the  interpolation  used  to  determine  cost  for  other  aspect 
and  similitude  ratios  involved  only  minor  error. 

4.3.2  Effect  of  Halyard  Type 

Halyards  and  top  hat  conductor  tensions  for  a  given  tower 
height  and  spacing  are  essentially  independent  of  the  type  of  halyard  system 
used  (sloping  or  vertical).  This  fact  enabled  determination  of  tower  pulloffs 
for  either  system  based  on  this  assumption. 

4.  3.  3  Fixed  Halyard  Study 

The  possibility  of  eliminating  counterweights  had  been 
explored  previously  (Ref.  8),  (based  on  a  similitude  ratio  of  1.0  and 
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a  nominal  aspect  ratio  of  1,0),  with  results  tending  to  indicate  reasonable 
pulloffs  and  potential  savings  in  cost.  A  subsequent  study  by  the  Joint 
Venture  substantiated  the  approach  used  and  the  results  obtained. 

An  important  consideration,  in  the  case  of  the  fixed  halyard 
system,  is  whether  there  is  a  detrimental  redistribution  of  wind  shear 
between  the  various  towers  under  overload  wind  conditions.  To  resolve 
this  question  the  top  hat  of  Ref.  8  was  further  studied  on  the  premise  of 
a  wind  velocity  about  30%  greater  than  that  used  in  the  study  of  Ref.  8. 

In  adapting  the  fixed  halyard  concept  of  Ref.  8  to  the  require¬ 
ments  of  the  antenna  configuration  study,  the  plan  dimensions  of  the 
panels  were  maintained;  however,  certain  alterations  became  necessary 
to  provide  consistency,  from  an  electronic  standpoint.  These  adjustments 
consisted  of  increasing  the  tower  heights  to  provide  the  necessary  average 
top  hat  elevation,  and  changing  of  wires  sizes  from  the  1 -inch  diameter 
assumed  in  Ref.  8  to  the  1-1  /8-inch  diameter  assumed  throughout  the 
antenna  configuration  study.  This  latter  change  required  an  estimate 
of  the  resulting  increased  pulloff. 


5. 


SUMMARY  OF  RESULTS 


5.  1  General 

The  results  of  the  several  studies  conducted  in  arriving  at  the 
antenna  configuration  selected  for  recommendation  are  presented  and  dis¬ 
cussed  below.  The  results  include  those  of  the  resonant  frequency  studies 
made  on  the  scale  model  and  the  effect  of  the  coupling  circuitry  in  deriving 
the  system  operating  frequency  from  the  antenna  resonance.  Results  also 
include  the  electronic,  structural  and  cost  considerations  related  to  the 
selection  of  aspect  ratio  and  similitude  scale  factor  and  also  the  considera¬ 
tions  related  to  the  recommended  halyard-cantilever-compensation  combina¬ 
tion.  Information  concerned  with  the  fixed  halyard  system,  which  was  actually 
developed  after  the  basic  antenna  configuration  was  selected,  is  also  included 
for  completeness. 

5.  2  Resonant  Frequency  Studies 

In  pursuing  means  of  increasing  the  resonant  frequency  of  the 
antenna,  studies  were  made  of  this  and  other  pertinent  electrical  characteris¬ 
tics  of  the  I.  28  Cutler  antenna  with  several  variations  of  downlead  configura¬ 
tion.  Basically,  the  variations  were  in  the  shape  of  the  downlead  from  the 
standpoints  of  the  location  of  the  hinge  point,  the  location  of  the  point  of  at¬ 
tachment  to  the  top  hat,  and  the  configuration  of  the  vertical  portion  of  the 
downlead  (i.  e.  ,  the  cage  or  fan  version).  The  results  of  some  twelve  tests, 
plus  two  supplemental  measurements,  are  given  in  Table  5-1.  Figures  5-1, 
5-2,  5-3  and  5-4  illustrate  the  various  configurations  studied,  and  show 
pertinent  dimensions  and  downlead  arrangements.  While  shown  on  Table  5-1, 
test  results  are  also  included  on  the  figures  for  ready  reference. 

Tests  1  and  9  (Figure  5-1)  of  the  test  series  represent  the 
"T.  28"  version  of  the  antenna  system  (with  vertical  halyards,  10-foot  canti¬ 
lever,  45-foot  B-tower  compensation)  and  yield  an  antenna  resonant  fre¬ 
quency  of  approximately  31.  5  kc.  Test  2  (also  Figure  5-1)  maintained 
the  same  attachment  point  at  the  antenna  top  hat,  but  reduced  the  length 
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of  the  4 -wire  cage  downlead  by  virtually  eliminating  the  hinge  point.  While 
this  reduced  the  downlead  length,  it  also  resulted  in  a  smaller  average 
diameter  for  the  "cage"  composed  of  the  six  vertical  downleads  around  the 
C  tower.  The  increased  inductance  resulting  from  the  reduced  overall 
downlead  diameter  apparently  overrides  the  reduced  inductance  of  the 
shortened  length  and  effects  a  reduction  in  resonant  frequency. 

Tests  3,  4  and  5  (Figure  5-2)  were  made  with  the  attachment  point 
at  the  top  hat  moved  out  by  some  200  feet  beyond  the  original  radius.  For 
Test  5,  a  4-wire  cage  downlead,  essentially  vertical  from  the  top  hat  attach¬ 
ment  point  to  the  hinge  point,  and  a  more  or  less  horizontal  run  to  the  helix 
house,  a  gain  of  approximately  0.7  kc  was  achieved.  Again,  however,  the 
virtual  elimination  of  the  hinge  point  by  routing  the  downlead  directly  from 
the  top  hat  attachment  point  to  the  helix  house  attachment  point  (Test  3) 
reduced  the  resonant  frequency  as  it  did  in  the  case  of  the  original  top  hat 
attachment  point  radius.  In  Test  4,  with  a  hinge  point  intermediate  between 
those  of  Tests  3  and  5,  a  slightly  higher  resonant  frequency  was  achieved, 
but  at  a  lesser  bandwidth  than  for  Test  3. 

A  third  basic  approach  to  the  problem  of  increasing  the  resonant 
frequency  was  made  by  substituting  a  fan  arrangement  for  the  4-wire  cage 
on  the  vertical  portion  of  the  downlead  (Tests  6-8,  10-12;  Figures  5-1,  5-3  , 
5-4).  Both  4-  and  8-wire  versions  of  the  fan  were  studied,  not  only  for  the 
normal  point  of  attachment  to  the  top  hat  but  also  for  one  at  an  additional 
200  feet  from  the  C  tower.  Depending  on  the  radius  of  the  point  of  attach¬ 
ment  to  the  top  hat,  gains  from  about  1. 8  to  2.  7  kc  were  made  with  the 
8-wire  fan  configurations,  as  compared  to  otherwise  similar  4-wire  cage 
versions . 

Test  12  was  similar  to  the  basic  PER  configuration  with  the  4-wire 
cage,  except  that  a  4-wire  fan  was  used  and  the  hinge  point  was  slightly 
farther  from  the  C  tower  than  the  attachment  point  of  the  top  hat,  rather 
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than  slightly  nearer  the  C  tower  as  in  Test  11.  This  arrangement  yielded 
a  slight  increase  in  resonant  frequency  over  Test  11,  but  not  quite  as 
great  as  Test  10  where  an  8-wire  fan  was  used.  Considering  that  the 
resonant  frequency  for  the  Test  12  configuration  would  have  been 
increased  slightly  if  an  8-wire  fan  had  been  used,  it  is  estimated  that  such 
modified  Test  12  configuration  would  have  characteristics  quite  similar 
to  those  of  Test  10.  Test  10  also  had  a  very  slight  advantage  in  bandwidth 
characteristics . 

Tests  11a  and  lib  were  supplemental  checks  made  using  the 
same  basic  configuration  as  Test  11,  Test  11a  added  the  strain  insulator 
and  pulloff  halyard  at  each  of  the  six  hinge  points,  but  showed  essentially 
no  different  result  from  corresponding  Test  11,  where  the  hinge  points 
were  positioned  by  non-conductors. 

Test  lib  showed  the  effects  of  a  significant  capacitive  shunt  at  the 
helix  house.  As  anticipated,  the  measured  static  capacitance  at  the  base 
was  increased  and  the  apparent  effective  height  decreased.  The  band¬ 
width,  as  derived  from  equations  based  on  simple  equivalent  circuits, 
actually  showed  a  slight  increase  with  the  added  capacitance.  A  more 
rigorous  representation  of  the  equivalent  circuit,  however,  would  probably 
show  a  slight  loss,  rather  than  a  gain,  in  bandwidth.  Of  particular  signifi¬ 
cance  here,  however,  is  the  fact  that  there  was  no  indicated  change  in 
resonant  frequency  of  the  system. 

For  structural  reasons,  it  was  considered  undesirable  to  increase 
the  radius  to  the  attachment  point  on  the  top  hat.  Therefore,  for  the 
additional  studies,  and  as  the  basis  for  selection,  the  results  of  Test  10 
were  adopted  for  the  further  analysis.  At  some  time  after  the  selection, 
further  structural  considerations  gave  preference  to  the  Test  12  configura¬ 
tion  modified  to  an  8 -wire  fan.  This  change,  however,  introduced  no 
significant  differences  in  predicted  performance  from  that  of  the  originally 
selected  configuration. 
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5. 3  Coupling  Circuitry  Effects 


In  a  very  simple  form  (Figure  5-5),  a  VLF  antenna  may  be 
represented  as  a  simple  series  circuit  composed  of  inductance,  capacitance 
and  resistance,  where  the  inductance  is  that  of  the  top  hat  and  downleads, 
the  capacitance  is  the  static  capacitance  of  the  system,  and  the  resistance 
is  composed  of  radiation  resistance  and  loss  resistances  representing 
those  of  the  ground  system,  antenna  conductors,  dielectrics  and  other 
losses  reflected  into  the  system  from  towers,  guys,  and  other  structures 
in  the  surrounding  area.  As  frequency  is  increased,  a  point  is  reached 
at  which  the  reactance  of  the  apparent  inductance  in  the  system  is  equal  to 
the  reactance  of  the  static  capacitance.  This  is  the  frequency  which  has 
been  termed  "antenna  resonant  frequency.  " 

The  resistance  in  the  system  is  relatively  low,  even  at  the 
higher  end  of  the  nominal  operating  frequency  range.  The  output  impe¬ 
dance  of  the  transmitter  is,  by  comparison,  relatively  high.  To 
efficiently  couple  the  transmitter  to  the  antenna,  a  relatively  low-loss 
impedance -matching  circuit  (Figure  5-5)  composed  of  a  coupling  inductor 
and  a  tuning  inductor,  which  allows  the  complete  system  to  be  resonated 
at  various  frequencies  throughout  the  desired  operating  range,  is  employed. 

As  indicated  in  Appendix  A  showing  a  sample  calculation  of 
coupling  circuitry  design,  a  certain  reactance  is  required  in  the  coupling 
inductor  to  properly  match  between  the  generator  and  load  resistances. 

For  a  given  frequency,  this  value  is  fixed  for  a  given  combination  of 
generator  and  load  resistances.  The  inclusion  of  this  added  inductance 
in  the  circuit  results  in  an  overall  resonant  frequency  below  that  of  the 
antenna  system  itself.  In  practice  the  minimum  normal  inductance 
adjustment  of  the  tuning  inductor  must  be  somewhat  greater  than  zero, 
even  at  the  highest  frequency  of  operation,  so  that  some  variation  is 
possible  for  tuning  the  antenna  to  a  particular  frequency  and  for  following 


5-4 


required  inductance  variations  as  the  antenna  characteristics  vary  slightly 
with  temperature,  wind,  etc.  In  addition,  the  inductance  of  connecting 
busses  must  be  included  in  the  maximum  operating  frequency  determination. 

In  estimating  the  extent  of  the  change  from  antenna  resonant 
frequency  to  maximum  operating  frequency,  the  coupling  inductance  as 
required  by  the  generator  and  load  resistances,  was  used  as  a  base.  The 
total  of  the  other  inductances  in  the  circuit,  including  the  tuning  inductor 
and  the  various  busses,  was  assumed  to  equal  that  of  the  coupling  induc¬ 
tance.  On  the  basis  of  several  calculations  following  the  simplified 
antenna  circuit  concept  and  the  coupling  circuit  element  philosophy  outlined 
above,  it  was  shown  that  the  upper  operating  frequency  before  requiring  a 
capacitive  element,  was  approximately  10  per  cent  lower  than  the  antenna 
resonant  frequency. 

5 . 4  Aspect  Ratio  Studies 

5.4.1  General 

Results  of  the  aspect  ratio  studies  were  developed 
in  the  areas  of  electronic  performance  and  structural  costs.  These  ele¬ 
ments  were  then  combined  into  a  performance -cost  display  which  was 
used  in  selecting  the  recommended  antenna  configuration. 

5.4.2  Electronic  Performance  Factors 

As  pointed  out  above,  the  basic  experimental 
data  of  the  aspect  ratio  studies  was  developed  in  the  PER  phase  and  is 
summarized  in  Table  3-1  and  Fig.  3-1  of  this  report,  Figure  3-1  is  an 
expanded  plot  of  the  predicted  antenna  parameters  as  a  function  of  aspect 
ratio  in  the  area  of  primary  interest  and  for  a  similitude  scale  factor 
of  1.0.  In  developing  the  further  information  for  use  in  performance 
evaluation,  data  taken  from  the  smooth  curves  of  Figure  3-1  was  used 
as  a  base.  Similitude  scaling  was  then  applied  to  this  data  to  cover  abroad 
range  of  antenna  sizes,  resulting  in  Figs.  5-6,  5-7  and  5-8  which  show, 


respectively,  the  primary  parameters  of  bandwidth,  resonant  frequency  and 
top  hat  voltage,  each  as  a  function  of  scale  factor  and  for  the  selected  values 
of  aspect  ratio  of  0 , 7,  .  85,  1.0,  1.2  and  1.4. 


The  bandwidth  figures  were  based  on  the  effective 
height  and  capacitance  data  from  Fig.  3-1  and  are  the  predicted  character¬ 
istics  at  15.5  kc.  The  basic  effective  height  and  capacitance  data  from 
Fig.  3-1,  along  with  the  required  radiation  of  1  megawatt  at  15.5  kc, 
resulted  in  the  required  top  hat  voltage  values  shown  in  Fig.  5-8.  The 
several  values  were  derived  for  particular  aspect  ratios  and  were  scaled, 
by  similitude,  to  cover  other  sizes  in  accordance  with  the  following  laws: 


Parameter 


Power  Law 


Bandwidth  (at  a  given  frequency) 
Resonant  frequency 
Top  hat  voltage  (at  a  given  frequency 
and  radiated  power) 


s 

s 


3 

-1 


s 


-2 


It  will  be  noted  from  the  three  figures  that,  as  indi¬ 
cated  by  the  laws  above,  the  resulting  curves  are  straight  lines  as  plotted 
on  the  log -log  paper.  Included  on  each  of  the  three  figures  are  the  values 
of  the  particular  parameters  as  predicted  from  the  PER. 


Since  the  primary  consideration  in  the  aspect  ratio 
study  was  the  determination  of  combinations  of  aspect  ratio  and  scale 
factor  yielding  an  increase  in  antenna  bandwidth  (at  100  percent  antenna 
efficiency  and  15.5  kc)  for  a  given  cost,  data  from  the  several  curves 
above  was  combined  into  a  composite,  Fig.  5-9,  in  which  bandwidth  is 
plotted  as  a  function  of  aspect  ratio  for  various  values  of  scale  factor. 
Superimposed  on  these  curves  are  the  resonant  frequencies  corresponding 
to  various  combinations  of  scale  factor  and  aspect  ratio,  and  a  constant 
cost  line  as  developed  in  a  later  section  and  corresponding  to  the  PER 
cost  estimate  for  the  antenna  system. 
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The  performance  information  is  based  on  the 
measured  model  data  and  interpolation  from  the  derived  curves  with  simili¬ 
tude  scaling  adjustments.  No  measurement  tolerances  were  considered 
in  the  preparation  of  Fig.  5-9.  The  reference  antenna  configuration,  as 
denoted  by  the  point  a  =  1,  s  =  1,  is  that  of  the  PER,  except  for  the  use  of 
vertical  halyards  and  a  10 -foot  cantilever  with  45-foot  B  tower  compensation. 
Five  guy  levels  were  used  and  the  PER  4-wire  cage  downlead  configuration 
was  followed. 

If  the  antenna  were  to  be  considered  alone  and  no 
tolerances  applied  to  the  measurements,  it  may,  for  example,  be  seen  from 
Fig.  5-9  that  a  bandwidth  of  approximately  40  cycles  could  be  achieved  with 
a  resonant  frequency  of  30  kc  for  the  same  cost  as  the  PER  estimate.  This 
configuration  would  have  an  aspect  ratio  of  approximately  0.90  and  a  scale 
factor  of  1.08.  However,  in  practically  evaluating  antenna  performance, 
the  effect  of  the  coupling  circuitry  on  the  upper  limit  of  operating  frequency 
of  the  system  (without  resorting  to  the  use  of  series  tuning  capacitors) 
must  be  considered  as  well  as  the  measurement  tolerances.  Over  the 
range  of  a  and  £  values  of  interest,  it  was  estimated,  as  discussed  above, 
that  inclusion  of  the  effects  of  the  required  coupling  circuitry  would  result 
in  an  operating  frequency  approximately  10  per  cent  less  than  that  of  the 
antenna  resonant  frequency. 

It  is  obvious,  then,  that  application  of  the  coupling 
circuitry  effect  alone  will  require  that  an  antenna  resonant  frequency  of 
some  33  kc  be  achieved  to  permit  system  operation  up  to  30  kc.  From 
Fig.  5-9,  it  may  be  noted  that  such  an  increase  in  required  antenna 
resonant  frequency  results  in  a  sizeable  decrease  in  the  antenna  bandwidth 
to  well  below  the  desired  value  of  37.5  cycles  if  the  PER  cost  estimate  is 
not  to  be  exceeded. 
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Under  the  revised  maximum  operating  frequency  of 
28.5  kc  permitted  by  the  Navy,  and  the  assumption  that  there  will  be  a  10 
per  cent  effect  from  the  coupling  circuitry,  it  may  be  seen  that  a  minimum 
antenna  resonant  frequency  of  31. 67  kc  (28.5/.  90)  is  required,  without 
regard  for  bandwidth  or  antenna  resonant  frequency  tolerances.  From 
Fig.  5-9  it  is  obvious  that  there  is  no  combination  of  a  and  s  values  which, 
for  this  resonant  frequency  of  31.  67  kc,  will  yield  a  bandwidth  capability 
of  37.5  cycles,  particularly  within  the  PER  cost  estimate. 

This  serious  problem  of  resonant  frequency  was,  of 
course,  recognized  in  the  PER  studies  and,  as  reported  in  earlier  sections, 
steps  were  taken  under  the  final  design  model  effort  to  find  means  of  increas¬ 
ing  the  antenna  resonant  frequency.  As  discussed  above,  the  configuration 
which  offered  the  greatest  promise  electronically,  and  was  considered  struc¬ 
turally  reasonable  was  Test  10  (or  later,  Test  12,  modified  to  an  8-wire  fan) 
of  the  resonant  frequency  study  series.  This  configuration  substituted  a  fan 
of  eight  wires  for  the  vertical  portion  of  each  of  the  six  4-wire  cage  down¬ 
leads  from  the  antenna.  The  hinge  point  location  and  the  attachment  point 
to  the  top  hat  were  virtually  the  same  as  those  proposed  in  the  PER.  The 
measured  resonant  frequency  with  the  fan  configuration  at  an  aspect  ratio 
of  1.0  was  33.27  kc,  which  may  be  compared  to  the  value  of  31.43  kc  for  the 
4-wire  cage  as  derived  from  the  resonant  frequency  curve  on  Fig.  3-1  at 
unity  aspect  ratio. 

Considering  this  gain,  percentage-wise,  from  the 
change  to  the  fan-type  downlead,  the  estimated  10  per  cent  coupling  circuit 
effect,  and  the  one  per  cent  resonant  frequency  tolerance,  it  was  computed 
(Appendix  B)  that  an  antenna  resonant  frequency  of  30.5  kc  at  an  aspect 
ratio  of  unity  on  the  basic  coordinate  system  of  Fig.  5-9  would  yield  a 
maximum  system  operating  frequency  of  28.  5  kc  for  the  8-wire  fan 
configuration.  Correspondingly,  an  antenna  resonant  frequency  of  30.2kc 
on  the  basic  coordinate  system  is  required  if  the  coupling  circuit  effect  is 
9  per  cent. 
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At  other  than  unity  aspect  ratio  the  required  antenna 
resonant  frequency  on  the  basic  coordinate  system  would  follow  the  30.5  kc 
(or  30.2  kc)  line  if  the  variation  of  this  parameter  for  the  8-wire  fan  were 
assumed  to  follow  that  for  the  4-wire  cage.  However,  since  no  model 
measurements  of  this  variation  with  aspect  ratio  were  made  for  the  8-wire 
fan,  the  validity  of  such  an  assumption  could  not  be  assured. 

An  alternate  estimate  of  resonant  frequency  varia¬ 
tion  with  aspect  ratio  for  the  8-wire  fan  assumed  that  the  total  inductance 
in  the  antenna  circuit  was  composed  of  a  fixed  and  a  variable  inductance 
with  the  variable  portion  assumed  proportional  to  the  length  of  the  vertical 
section  of  the  downlead.  Following  this  premise,  a  reasonable  correlation 
with  measured  data  was  obtained  for  the  4-wire  cage  downlead  for  which 
model  measurements  had  been  made  at  several  aspect  ratios.  Extending 
the  concept  to  the  fan-type  downleads  and  extrapolating  from  the  single 
measured  point  at  unity  aspect  ratio,  it  was  found  that  the  gain  in 
resonant  frequency  for  the  fan  relative  to  the  cage-type  downleads  was  not 
as  great  at  the  lower  aspect  ratios  as  it  was  at  unity.  It  was  apparent, 
however,  that  there  would  always  be  some  gain  regardless  of  aspect  ratio. 

In  applying  the  above  principle  to  the  8-wire  fan 
configuration,  it  was  assumed  that  the  increase  in  resonant  frequency  at  an 
aspect  ratio  of  0.7  was  only  one-half  the  increase  at  unity  aspect  ratio. 
Based  on  this  assumed  aspect  ratio  function  for  the  8-wire  fan,  the  esti¬ 
mated  one  per  cent  resonant  frequency  measurement  tolerance  and  the 
10  per  cent  coupling  circuitry  effect,  the  limiting  antenna  resonant  fre¬ 
quency  to  achieve  a  28.5  kc  system  operating  frequency  over  a  range  of 
aspect  ratios  is  shown  on  Fig.  5-10.  The  curve  is  superimposed  on  the 
basic  coordinate  system  and  bandwidth  performance  curves  of  Fig,  5-9. 
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5.4.3  Cost  Factors  and  Other  Considerations 


To  evaluate  the  relative  costs  of  the  basic  VLF 
antenna  configuration  at  various  aspect  ratios  and  scale  factors,  some  18 
combinations  of  these  factors  were  considered  in  accordance  with  the 
analysis  bases  outlined  in  Paragraph  4.  These  estimates  considered  the 
costs  of  the  towers,  top  hat,  counterweight  system,  hoists  and  certain 
other  principal  items  of  the  facility  for  each  of  the  combinations.  The  cost 
estimates  include  only  those  items  of  the  facility  which  have  a  significant 
effect  on  cost  differences  and  do  not  include  items  whose  costs  remain 
essentially  constant  regardless  of  the  tower  heights  and  antenna  spans. 
Consequently,  the  total  cost  figures,  which  are  summarized  in  Appendix  C, 
do  not  reflect  the  total  costs  of  the  facility. 

Of  primary  importance  in  the  aspect  ratio  study  are 
the  cost  differences  between  the  several  total  costs  developed  in  Table  C-l 
of  Appendix  C  and  the  cost  of  comparable  portions  of  the  PER  single  modi¬ 
fied  (1.28)  Cutler  antenna.  The  cost  difference  information  from  Table  C-l 
and  Fig.  C-l  of  Appendix  C  is  presented  in  several  forms.  Figure  5-11 
shows  combinations  of  aspect  ratios  and  scale  factors  for  several  selected 
antenna  cost  differences.  Figures  5-12,  and  5-13  plot  cost  differences  as 
functions  of  scale  factor  and  aspect  ratios,  respectively.  The  zero  cost 
difference  line  shown  on  the  performance-cost  curves,  Figs.  5-9  and 
5-10,  was  derived  from  the  basic  information  developed  above. 

The  cost  differences  incurred  in  achieving  certain 
electronic  performance  characteristics  have  been  developed  for  various 
combinations  of  aspect  ratio  and  scale  factor.  These  relationships  are 
presented  in  the  form  of  several  curves,  Figs.  5-14  through  5-16. 

Figure  5-14  shows  the  cost  difference  as  a  function 
of  bandwidth,  with  cost  increasing  v/ith  bandwidth  for  any  given  aspect  ratio 
or  scale  factor.  This  trend  is  to  be  expected  since  increase  of  either  factor 
tends  to  increase  the  overall  size  of  the  antenna. 
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Figure  5-15  relates  cost  difference  to  resonant  fre¬ 
quency.  Since  higher  resonant  frequencies  are  associated  with  smaller 
antennas,  either  by  reduced  aspect  ratio  or  scale  factors,  costs  decrease 
with  increasing  resonant  frequencies,  as  shown  by  the  curves. 

Figure  5-16  indicates  decreasing  costs  with  increas¬ 
ing  top  hat  voltage  for  constant  values  of  either  aspect  ratio  or  scale  factor. 
This  again  follows  the  expected  trend  as  smaller  antennas  tend  to  require 
higher  top  hat  voltages  for  a  given  radiated  power  at  a  given  frequency. 

To  show  the  variation  of  top  hat  insulator  loads  for 
various  combinations  of  aspect  ratio  and  scale  factor,  Fig.  5-17  was 
developed.  This  information  was  used  primarily  to  show  practical  limits 
of  loads  rather  than  cost  differences  which  were  not  developed  since  the 
insulator  tension  was  a  result  of  various  aspect  ratios  and  scale  factors 
rather  than  a  cause. 

5.  5  Halyard -Cantilever -Compensation  Studies 
5.  5,  1  Electronic  Performance  Factors 

The  basic  electronic  data  and  background  information 
of  the  halyard-cantilever -compensation  studies  were  developed  under  Change 
Order  F  to  the  PER  contract  and  were  reported  in  the  model  study  data 
report  of  22  November  1961  (Ref.  3).  The  study  showed  that  a  series  of 
equivalent  parameters  can  be  determined  for  comparable  antenna  performance. 

The  B  tower  height  compensations  relative  to  pure 
1.28  scaling  of  the  Cutler  configuration  and  based  on  an  effective  height  of 
633  feet  and  a  bandwidth  of  35.  4  cycles  are  shown  in  Table  5-2  for  both 
vertical  and  sloping  halyards.  For  example,  it  may  be  seen  from  the  table 
that  for  sloping  halyards,  a  56-foot  cantilever  with  a  55-foot  B -tower 
compensation  yields  the  same  performance  by  either  the  effective  height  or 
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bandwidth  criteria  as  the  vertical  halyard  arrangement  with  a  10 -foot  canti¬ 
lever  and  a  45-foot  compensation.  To  be  on  the  conservative  side,  the  greater 
required  compensation  for  each  condition,  as  shown  by  the  underlining  in 
Table  5-2,  was  used  in  the  cost  comparison  of  the  several  combinations. 

5.  5.  2  Cost  Factors  and  Other  Considerations 

The  cost  aspects  of  the  halyard-cantilever -compensa¬ 
tion  studies  are  summarized  in  Table  5-3.  All  the  results  apply  to  a  scale 
factor  of  1.0  and  a  nominal  aspect  ratio  of  1.  0,  with  the  height  of  the  B  tower 
compensated  to  yield  essentially  equivalent  electronic  performance  with 
variations  in  halyard  slope  and  cantilever  projection  as  shown  in  Table  5-2. 
The  first  column  of  Table  5-3  reproduces  cost  data  for  the  single  modified 
Cutler  tower  system  which  was  previously  developed  in  Supplement  1  to  the 
PER  (Ref.  2).  Some  of  the  implications  from  the  data  shown  are  as  follows: 

a.  A  combination  of  sloping  halyards  and  cantilever 
projection  creates  favorable  bending  moments  at  the  top  of 
the  tower.  The  minimum  cost  shown,  which  corresponds  to 
the  30 -foot  cantilever  projection,  indicates  that  for  the 
sloping  halyard  combination,  there  is  an  optimum  projection 
between  10  and  5  7  feet  which  is  probably  in  the  range  of 

30  feet. 

b.  The  main  towers  of  the  sloping  halyard  system 
are  less  costly  than  those  of  the  vertical  halyard  system 
because  of  the  smaller  pulloff,  but  the  counterweight  towers 
for  the  sloping  halyard  system  are  more  expensive  because 
of  the  less  favorable  structural  conditions  created  by  the 
sloping  halyard. 
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c.  The  increased  amount  of  grounding  and  roads  re¬ 
quired  when  sloping  halyards  are  used,  creates  a  small  but 
significant  cost  penalty  against  this  type  of  system. 

d.  The  cheapest  counterweighted  combination  uses 
sloping  halyards  and  a  30-foot  cantilever.  However,  the 
vertical  halyard  combination  with  a  10 -foot  cantilever  is  only 
slightly  more  expensive  (0.4%),  It  is  not  possible  to  estimate 
cost  to  within  a  fraction  of  a  per  cent;  consequently,  it  must 
be  assumed  that  for  all  practical  purposes,  the  costs  of  these 
two  tower  configurations  are  essentially  identical.  Under 
these  circumstances,  the  greater  mechanical  simplicity  of 
the  vertical  halyard  system  is  a  point  in  its  favor. 

e.  Column  7  shows  the  results  of  the  analysis  of  the 
tower  using  a  sloping  halyard  without  counterweights  (fixed 
halyard).  This  tower  has  a  cantilever  overhang  of  57  feet. 

It  is  to  be  noted  that  the  total  cost  of  the  A,  B  and  C  towers 
in  this  case  is  somewhat  greater  than  that  of  the  reference 
towers  shown  in  Column  1.  This  is  attributable  largely  to  a 
somewhat  greater  pulloff  and  to  the  slightly  greater  tower 
height  required  to  compensate  for  increased  sag.  However, 
this  cost  trend  is  reversed  by  the  elimination  of  counter¬ 
weight  towers,  resulting  in  an  estimating  saving  of  over  one 
and  a  half  million  dollars  (about  10.  8%  below  the  cost  of  the 
tower  system  of  Column  1),  assuming  that  features  perform¬ 
ing  the  function  of  the  deleted  counterweights  do  not  have  to 
be  added.  Using  this  assumption,  it  is  apparent  that  the  two 
cheapest  configurations  would  be  (1)  a  system  utilizing 
sloping,  fixed  halyards  and  a  cantilever  projection  of  about 
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30  feet,  and  (2)  a  system  utilizing  vertical,  fixed  halyards 
and  a  cantilever  projection  of  10  feet. 


5.  6  Fixed  Halyard  System 

Figure  5-18  shows  results  of  the  top  hat  analysis  by  the  Joint 
Venture  for  the  case  of  fixed  halyards  under  service  wind  conditions.  These 
results  agree  closely  with  those  of  Ref.  8.  Figure  5-19  shows  results  for 
the  overload  wind. 

Similar  information,  and  additional  data,  are  presented  in 
Table  5-4.  Relative  wind  shears,  R  ,  and  relative  horizontal  components, 

y 

H,  of  halyard  tension,  are  shown  for  the  counterweighted  system  of  Ref.  2 
under  service  wind,  and  for  the  fixed  halyard  system  of  Ref.  8  under  both 
service  and  overload  wind.  It  is  apparent  that  the  windward  B  tower  carries 
a  considerably  greater  portion  of  the  wind  shear  in  the  case  of  the  fixed 
halyard  system.  Comparison  of  H  values  shows  that  the  relative  pulloff 
distribution  is  not  greatly  different  between  the  counterweighted  and  fixed 
halyard  systems.  The  maximum  variation  occurs  at  the  C  tower. 

A  comparison  of  the  data  in  Columns  3  through  6  shows  that 
the  windward  B  tower  carries  about  12%  more  of  the  total  wind  shear  under 
the  overload  condition,  (Columns  3  and  5),  whereas  the  distribution  at  the 
other  towers  is  relatively  unchanged. 

Fairly  large  changes  in  pulloff  are  evident  at  the  A  tower  and 
leeward  B  tower,  relative  to  the  pulloff  at  the  windward  B  tower,  when  com¬ 
paring  service  and  overload  conditions  (Columns  4  and  6).  However,  this  is 
only  significant  at  the  A  tower,  amounting  about  an  11%  increase. 
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These  conditions  can  be  modified  within  certain  limits  by 
adjusting  the  sags  in  the  catenary  and  conductor  to  achieve  a  more  optimum 
distribution  of  the  loads  acting  on  the  towers. 

5.  7  Assessment  of  Fixed  Halyard  System 

Important  considerations  in  comparing  counterweighted  and 
fixed  halyard  systems  are  as  follows: 

1.  To  provide  a  counterweight  system  with  enough  travel 
to  bring  the  top  hat  to  the  ground  under  wind  would  require  counterweights 
and  counterweight  towers  much  larger  and  costly  than  those  used  at  Cutler. 

2.  A  counterweight  system  with  a  reduced  amount  of  travel 
can  be  made  to  function  effectively  under  the  design  wind  loading  (service 
wind)  of  VLF  PAC.  However,  overload  winds  not  greatly  in  excess  of  the 
service  wind  will  cause  complete  payout  of  the  halyard,  so  that,  under  over¬ 
load  conditions,  it  becomes  necessary  to  consider  the  top  hat,  at  least  in 
part,  as  a  fixed  halyard  system. 

3.  Any  system  with  unlimited  payout  may  not  necessarily 
prevent  portions  of  the  top  hat  from  draping  around  the  guys  or  shaft  of  a 
leeward  tower  under  hurricane  winds.  The  resulting  indeterminate  loading 
condition  may  or  may  not  be  more  severe  than  the  loading  associated  with  a 
fixed  halyard  system. 

4.  It  may  be  possible  and  desirable  to  incorporate  fail-safe 
features  in  a  fixed  halyard  system,  achieving  relief  of  halyard  tension  under 
overload  similar  to  that  provided  by  counterweights  and  independent  of  payout. 
Such  features  might  be  devices  which  jettison  the  top  hat  directly  by  tensile 
rupture  or  severing  of  the  halyard,  or  through  a  torque  release  on  the  winch 
drum,  permitting  uncontrolled  unwinding.  The  jettisoning  arrangement  would 
detach  all  four  corners  of  a  top  hat  panel  simultaneously. 
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Another  possibility  is  a  controlled  unwinding  scheme 
that  would  utilize  a  dynamic  braking  system,  and  would  not  necessarily 
require  simultaneous  release  at  each  supporting  tower. 
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FIG.  5-5  SIMPLIFIED  ANTENNA  AND  COUPLING  CIRCUITRY 
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FIG.  5-9  PREDICTED  PERFORMANCE  OF 

SINGLE  MODIFIED  CUTLER  ANTENNA 
FROM  MODEL  MEASUREMENTS,  4  -  WIRE  CAGE  DOWNLEADS 
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FIG.  5-10  PREDICTED  PERFORMANCE  OF 

SINGLE  MODIFIED  CUTLER  ANTENNA 
FROM  MODEL  MEASUREMENTS,  8  -  WIRE  FAN  DOWNLEADS 
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FIG.  5-12  ANTENNA  COST  DIFFERENCE 

AS  A  FUNCTION  OF  SCALE  FACTOR 
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FIG.  5-13  ANTENNA  COST  DIFFERENCE 

AS  A  FUNCTION  OF  ASPECT  RATIO 
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FIG.  5-18  TOP  HAT  LOADS  AND  DISPLACEMENTS 
FIXED  HALYARDS  -  SERVICE  WIND 


TABLE  5-1 


SUMMARY  -  RESONANT  FREQUENCY  TEST  DATA 
MODEL  DATA,  ADJUSTED  TO  FULL  SCALE 


Test 

No. 

Effective 
Height -Ft. 

Capacitance 

fd 

Resonant 
Freq.  -kc 

Bandwidth 

Cycles 

1 

638 

.  1498 

31.  50 

36.4 

2 

640 

.  1487 

30.  75 

36.  3 

3 

638 

.  1499 

32.05 

36.  3 

4 

627 

.1519 

32.30 

35.  6 

5 

600 

.  1561 

32.  18 

33.  5 

6 

643 

.  1530 

35.  10 

3  7.  7 

7 

628 

.  1543 

34.98 

36.  3 

8 

635 

.  1531 

34.47 

36.  8 

9 

642 

.  1497 

31. 68 

36.  8 

10 

635 

.  1514 

33.27 

36.  3 

11 
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.  1506 

32.  87 

36.  1 

11a 

639 

.  1505 

32.  87 

36.  7 

lib 

635 

.  1554 

32.87 

37.  3 

12 

631 

.  1521 

33.  05 

36.  1 

TABLE  5-2 


Halyard 
V  ertical 

Sloping 

Note: 


SUMMARY  -  CANTILEVER  -  COMPENSATION  STUDIES 
MODEL  DATA,  ADJUSTED  TO  FULL  SCALE 


B -Tower  Compensation  B- Tower  Data 

Canti- 


lever 

Bandwidth 

Eff.  Ht. 

Height 

Top  Guy 

10  ft. 

45  ft. 

45  ft. 

1165  ft. 

1155  ft. 

30 

40 

38 

1160 

1130 

56 

30 

25 

1150 

1094 

10  ft. 

64  ft. 

68  ft. 

1188  ft. 

1178  ft. 

30 

59 

62 

1182 

1152 

56 

55 

55 

1175 

1119 

Equivalence  based  on  35.4  cycles  bandwidth,  or  633  feet 
effective  height.  Compensations  used  in  further  analysis 
are  those  underlined. 
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OTHER  ITEMS  INCLUDED 


6.  1  Ground  System  Cost 

One  of  the  items  entering  into  the  overall  cost  of  the  radiation 
system  is  the  cost  of  the  ground  system.  This  cost  is  expected  to  vary 
with  both  aspect  ratio  and  scale  factor.  A  very  preliminary  estimate  of 
the  variation  with  these  two  factors  was  made  for  inclusion  in  the  overall 
cost  data  for  a  range  of  combinations  of  aspect  ratio  and  scale  factor. 

For  a  given  scale  factor,  the  cost  of  the  ground  system  may  be  expected 
to  decrease  with  increasing  aspect  ratio  and  a  constant  radiation  system 
efficiency  since  an  increasing  aspect  ratio  results  in  a  greater  effective 
height  and,  consequently,  higher  radiation  resistance.  The  resistance  of 
the  ground  system,  therefore,  may  increase  without  reducing  the  effi¬ 
ciency  of  the  radiation  system. 

For  a  particular  aspect  ratio,  the  resistance  of  the  ground 
system  would  tend  to  increase  with  scale  factor  for  a  given  efficiency 
since  the  height,  and  consequently  the  radiation  resistance,  increases 
with  scale  factor,  thus  reducing  the  required  wire  density.  This  trend 
over-rides  the  requirement  for  increased  radial  length  as  a  result  of  top 
hat  size  increasing  with  scale  factor. 

Based  on  some  preliminary  studies  accomplished  in  the  PER 
phase,  it  was  found  that  the  major  cost  of  the  ground  system  was  related 
to  the  amount,  and  therefore  the  cost,  of  the  No.  6  wire  installed.  Other 
elements  of  the  cost  tended  to  compensate  as  aspect  ratio  and  scale  factor 
were  varied.  Cost  variations  were,  therefore,  taken  as  proportional  to 
the  amount  of  No.  6  copper  wire  required  and  all  were  referenced  to  the 
estimated  PER  cost  ($1,262,  100)  for  the  ground  system  (a  -  1,  _s  -  1), 

(See  Table  I  of  PER  Supplement  1.)  The  curves  derived  from  this  very 
simple  approach  are  shown  in  Fig,  6-1. 
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6.2  Main  String  Insulators 


In  arriving  at  costs  for  various  combinations  of  aspect  ratio 
and  similitude  factors,  primary  insulation  is  a  significant  consideration. 
Structural  designs  were  aimed  at  maintaining  a  maximum  insulator  load 
of  approximately  207, 000  pounds,  a  value  which  has  been  achieved  in 
existing  insulator  designs. 

Since  the  maximum  load  was  to  be  essentially  the  same  for 
all  variations  of  the  antenna  under  study,  cost  differences  would  be  a 
function  of  the  number  of  units  required  to  withstand  a  given  top  hat 
voltage.  The  results  of  tests  by  Lapp  during  the  Cutler  insulator  develop¬ 
ment  provide  guidance  on  the  variation  in  the  number  of  insulators  in  a 
graded  string  as  a  function  of  voltage.  Figure  6.2  illustrates  this  variation. 
This  information,  combined  with  the  top  hat  voltage  curves  of  Fig.  5.7 
determined  the  number  of  insulators  estimated  for  the  various  configurations 
studied. 
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FIG.  6-1  ESTIMATED  GROUND  SYSTEM  COST 

AS  A  FUNCTION  OF  ASFECT  RATIO  AND  SCALE  FACTOR 
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FIG.  6-2  MAIN  STRING  INSULATOR  REQUIREMENTS 
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CONCLUSIONS  AND  RECOMMENDATIONS 


I 

4 

1 

I 


In  the  development  of  the  recommended  VLF  PAC  antenna  system 
on  which  to  base  the  final  design  effort,  a  number  of  areas  were  investi¬ 
gated  to  assure  that  the  selected  configuration  would  have  the  greatest 
potential  of  meeting  the  following  requirements: 

a.  Capability  of  radiating  1  megawatt  at  15,  5  kc. 

b.  Capability  of  operating  down  to  14  kc,  but  at  reduced 
output  if  necessary. 

c.  Compatible  with  system  operation  up  to  at  least  28,5  kc 
without  the  requirement  for  tuning  capacitors, 

d.  An  antenna  bandwidth  (at  100  percent  efficiency)  of  at 
least  37,5  cycles  at  15.5  kc. 

e.  An  estimated  cost  not  to  exceed  the  estimated  cost  of 
the  single  modified  (1.  28)  Cutler  antenna. 

Each  area  of  investigation  led  to  certain  trends  or  conclusions 
which  were  integrated  into  the  configuration  recommended  as  the  base 
for  final  detailed  design  development. 

From  the  resonant  frequency  studies  it  was  concluded  that  the 
resonant  frequency  is  increased  significantly  by  increasing  the  average 
diameter  of  the  group  of  downleads,  primarily  by  increasing  the  radius 
from  the  center  tower  to  the  attachment  point  at  the  top  hat  and  to  a 
lesser  degree  by  increasing  the  radius  from  the  center  tower  to  the 
lower  hinge  point. 

The  resonant  frequency  is  also  increased  by  using  a  fan  rather  than 
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a  cage  for  the  vertical  portion  of  the  downlead,  with  an  8 -wire  fan 
producing  a  greater  degree  of  increase  than  a  4-wire  fan. 

Structural  considerations  required  a  compromise  with  regard  to  the 
downlead  attachment  position,  limiting  it  to  the  same  relative  position  as 
in  the  Cutler  antenna.  This  corresponds  to  Test  10  of  the  resonant  fre¬ 
quency  series  for  the  1.  28  model  with  unity  aspect  ratio.  Subsequent  to 
the  letter  of  recommendation  (Ref.  5)  the  configuration  of  Test  12, 
modified  to  an  8 -wire  fan,  was  recommended  as  a  substitute  to  take 
advantage  of  structural  gains  without  any  significant  change  in  electronic 
performance.  This  configuration  was  adopted  in  the  final  design. 

Calculations  of  the  effect  of  the  antenna  coupling  circuitry  indicated 
that  the  system  operating  frequency  would  be  reduced  by  about  10  percent 
below  the  antenna  resonant  frequency.  Thus,  it  was  concluded  that  a  10 
percent  reduction  factor  would  be  used  in  establishing  the  required  antenna 
resonant  frequency.  Since  this  reduction  jeopardized  the  desired  maximum 
operating  frequency  for  practical  antenna  system  configurations  investiga¬ 
ted,  and  in  view  of  the  opposing  trends  of  bandwidth  and  antenna  resonant 
frequency,  the  Navy  was  agreeable  to  accepting  a  maximum  system 
operating  frequency  of  28.5  kc  in  lieu  of  the  originally  contemplated  30  kc. 

The  composite  performance  curves  (Fig.  5-10)  developed  from  the 
aspect  ratio  studies  and  similitude  scaling  defined  a  range  of  configurations 
permitting  compliance  with  the  required  performance  and  cost  limitations. 
This  area  is  defined  (Fig.  5-10)  by  the  region  above  the  37.5  kc  bandwidth 
line,  below  the  PER  cost  estimate  line  and  below  the  resonant  frequency 
line  "for  maximum  operating  frequency  f  =  28,  5  kc. ,r  Any  point  within 
this  area  meets  performance  and  cost  requirements,  recognizing  the 
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estimated  coupling  circuitry  factor  and  the  antenna  resonant  frequency 
tolerance.  With  the  concurrence  of  the  Navy,  however,  no  bandwidth 
tolerance  was  included. 

On  the  basis  of  the  conclusions  above  and  within  the  permissible 
area  outlined  in  Fig.  5-10,  the  selected  antenna  configuration  is  defined 
as  one  with  an  aspect  ratio  of  0,925  and  a  similitude  scale  factor  of  1.05. 
These  factors  are,  of  course,  applied  to  the  basic  configuration  of  a 
single  section  of  the  Cutler  type  antenna,  scaled  up  by  28  percent  from 
the  Cutler  size. 

In  addition  to  the  basic  size  recommendation,  and  as  a  result  of  the 
halyard-cantilever -compensation  studies,  it  was  recommended  that 
vertical  halyards  be  used,  in  combination  with  a  10 -foot  cantilever 
projection.  With  this  configuration  the  ,rB"  series  of  towers  would  be 
increased  about  45  feet  in  height  to  compensate  for  degradation  of 
electronic  characteristics. 

As  a  result  of  further  analysis,  following  the  establishment  of  the 
aspect  ratio  of  0.925  and  the  similitude  scale  factor  of  1.05,  it  was 
further  recommended  that  counterweighting  of  top  hat  halyards  be  elimina¬ 
ted  in  favor  of  fixed  halyards.  Each  fixed  halyard  should  incorporate  an 
overload  feature  permitting  payout  when  the  tension  exceeds  a  predetermined 
value.  The  fixed  halyard  system  requires  a  change  in  sag-span  ratios 
and  tower  heights.  Therefore,  it  was  recommended  that  further  electronic 
modeling  be  performed  to  insure  compliance  with  Navy  performance 
requirements. 
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APPENDIX  A 


EFFECT  OF  COUPLING  CIRCUITRY  ON  OPERATING  FREQUENCY 

Sample  Calculations 


As  an  example,  assume: 

a  .  0.925,  s_  =  1.05 
8-wire  fan  downleads 

Gain  over  4-wire  cage  downleads  at  a  =  0.7  is  one-half  that 
at  a  *  1.0 

No  antenna  parameter  tolerances  considered 
Radiation  system  efficiency  =  80% 

Operating  frequency  =  28.5  kc. 

For  these  assumptions,  the  basic  antenna  parameters  are: 

Radiation  system  resistance  0.663  ohms  (at  28.5  kc) 

Resonant  frequency  32.2  kc 

Static  capacitance  0.  1620  microfarads 

Using  these  antenna  parameters,  the  apparent  inductance  of  the  antenna 
system  is  151.4  microhenries. 

Assuming  a  transmitter  output  impedance  of  12.5  ohms  and  the  load  resis¬ 
tance  of  0.663  ohms,  the  required  coupling  impedance  is: 


^  R^  x  R^  =  <^12.5  x  0.663  -  2.  88  ohms 


Where  Rg  =  source  resistance 
Re  =  load  resistance 


Assuming  an  operating  frequency  of  28.5  kc  the  required  coupling  inductance  is 

2.88 


2  TT  x  28.  5x10' 


16. 1  microhenries 


A-l 


In  addition  to  the  inductance  required  in  the  shunt  coupling  inductor,  it  is 
estimated  that  an  equal  inductance  is  reasonable  for  inclusion  in  the  series 
variometer  to  provide  for  tuning  adjustments  under  various  environmental 
conditions  (e.g.  ,  wind)  and  to  provide  some  tuning  tolerance  to  meet  final 
radiation  system  parameters. 


The  total  inductance  in  the  system  is  then: 


^ant 

= 

151.4 

Microhenries 

LCpig 

= 

16.  1 

Microhenries 

^var 

= 

16.  1 

Microhenries 

183.6 

Microhenries 

Using  the  antenna  capacitance  noted  above,  the  operating  frequency  is: 


2  TT  Vic 


_ 1 _ 

2irVl83.6x  10"6x  .  1620x  10 


fQ  =  29.1  kc 


This  represents  a  decrease  from  resonant  frequency  to  operating  frequency  of 
3.1  kc  or  9.63  percent. 
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APPENDIX  B 


COMPOSITE  PERFORMANCE  CURVES  AND  TOLERANCES 


The  following  are  sample  calculations  showing  derivations  of  the  various 
limit  curves  for  Figures  5-9  and  5-10  based  on  tolerances  outlined  in 
Paragraph  3. 4. 

Let  f  =  Antenna  system  resonant  frequency,  with 

improvements  from  downlead  changes 
(i.e.,  8-wire  fan  downleads). 

fr  =  Antenna  system  resonant  frequency  from  basic 

aspect  ratio  tests  (i.e.  ,  4-wire  cage  downleads). 

fQ  =  System  operating  frequency  (28.  5  kc  specified 

minimum  upper  limit). 


Define  coupling  circuit  factor,  denoting  the  reduction  from  antenna  resonant 
frequency  due  to  the  effects  of  the  coupling  circuitry,  as; 


k 


c 


Define  downlead  factor,  denoting  the  gain  in  antenna  system  resonant  fre¬ 
quency  achieved  by  change  of  downleads  (e.g.,  from  4-wire  cage  to 
8-wire  fan),  as: 


k 


d  = 


B  - 1 


Then,  for  a  measurement  tolerance  of  zero: 


Therefore, 

or. 


k  f 
c  x 


k  f 
d  r 


k  k  f 
car 


k  k, 
c  d 


This  allows  the  base  curves.  Figure  5-9,  showing  bandwidth  versus  aspect 
ratio  for  various  values  of  scale  factor  and  superimposed  by  antenna  resonant 
frequency  to  be  used  for  determining  performance  characteristics,  taking 
into  account  the  effects  of  coupling  circuitry  and  different  downleads.  For 
example,  assume: 


Operating  frequency,  fQ  =  28. 5  kc 

Coupling  circuit  factor,  k^  :  0.90 

Downlead  factor,  k,  =  1. 058 

d 

The  downlead  factor  above  is  cited  as  an  example  of  changing  from  the  4-wire 
cage  downlead  with  a  resonant  frequency  of  31.43  kc  to  the  8 -wire  fan  with  a 
downlead  resonant  frequency  of  33,27  kc.  The  resonant  frequency  on  the 
base  curves,  Figure  5-9,  at  a  ■  I,,  to  meet  the  28.5  kc  operating  frequency 
is  therefore: 


f 

r 


f 

o 

k  k 
c  c 


28.5 

0.90  x  1. 058 


29.9  kc 
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When  data  is  subject  to  tolerances,  these  must  also  be  taken  into  account 
in  locating  the  equivalent  points  and  curves  on  the  base  coordinate  system. 

In  deriving  revised  locations  for  Figure  5-10,  it  was  assumed  that  each 
piece  of  resonant  frequency  data  was  correct  to  plus  or  minus  1  per  cent,  i.e. 

f'  =  f  +  1% 

x  x  “ 

f  =  f  +  1% 

r  r  - 


Under  these  conditions,  and  referenced  to  the  base  curves,  using 
tolerances  on  the  conservative  side  yields: 


f  -  1% 

x 

f  T~i% 

r 


The  28.  5  kc  operating  frequency  limit  may  then  be  found  at  a  =  1 . 0  as 
follows,  assuming  a  10  per  cent  reduction  in  antenna  system  operating  fre¬ 
quency  due  to  coupling  circuitry  effect  and  a  one  per  cent  resonant  frequency 
tolerance: 

f 1  z  ^o  z  28.  5  =  30.  5  kc 

r  k  k'  .90  x  .98  x  1.058 

c  d 


Assuming,  as  above,  an  aspect  ratio  function  for  the  fan  the  same  as  that 
for  the  cage,  the  28.5  kc  operating  frequency  limit  line  would  follow 
the  30.5  kc  resonant  frequency  line  on  the  base  coordinate  system  (or  the 
30.2  kc  line  for  a  9  per  cent  coupling  circuit  effect). 

If,  however,  it  is  assumed  that  the  gain  in  resonant  frequency  of  the  8-wire 
fan  over  the  4 -wire  cage  decreases  linearly  to  one -half  as  great  at  a  =  0.7 
as  at  a  =  1.0,  then  the  equivalent  resonant  frequency  point  for  the  8-wire 
fan  on  the  base  coordinate  of  Figure  5-9  is  found  as  follows: 
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At  a  =  0.7,  k,  =  1.058/2  -  1.029 

—  a 

then  k'  =  0.98  k,  =  0.98  x  1.029 
a  a 

As  before ,  k  =0.98 
c 

The  equivalent  resonant  frequency,  f1^,  at  a  -  0.7  is  therefore: 

f'  =  fo  =  28.5  =  31.4  kc 

r  k  k'  ,  .90  x  .  98  x  1.  029 

c  d 

Points  for  other  values  of  aspect  ratio  are  found  similarly,  using  a  linear 
relationship  for  gain  between  0.  5  and  1.9  as  a  varies  from  0.7  to  1.0. 
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APPENDIX  C 


COST  ESTIMATES 

Table  C-l  summarizes  the  cost  estimates  and  cost  differences  from 
the  single  modified  Cutler  antenna  (Ref.  2)  for  each  of  the  18  combinations 
of  aspect  ratios  and  scale  factors  investigated  as  a  part  of  this  study. 

The  cost  estimates  summarized  in  Table  C-l  represent  only  those 
parts  of  the  facility  whose  costs  vary  with  changes  in  tower  heights  and 
antenna  spans.  Other  items  whose  costs  are  not  significantly  effected 
by  the  tower  height-antenna  span  variations  are  not  included. 

The  information  shown  in  Table  C-l  is  depicted  graphically  in 
Figure  C-l. 


C-l 


TOTAL  ANTENNA  COST  (MILLIONS  OF  DOLLAR.8) 


SCALE  FACTOR 

FIG.  C-I  ANTENNA  COST  AS  A  FUNCTION  OF  SCALE  FACTOR 


DIFFERENCE  FROM  PER  (MILLIONS  OF  DOLLARS) 


o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

O 

o 

o 

© 

o 

o 

o 

o 

o 

o 

o 

in 

tN- 

CO 

CO 

o 

SO 

t- 

o 

i-H 

in 

o 

o 

•p 

■P 

p 

rH 

sO 

o 

On 

m 

ON 

CO 

04 

i-H 

in' 

»-H 

l— H 

■Bp" 

ON 

^H 

o 

o 

ON 

cO 

p 

in 

in 

rH 

O'  Tp 

r-* 

1  ^ 

vO 

00 

CO 

nO 

o 

04 

00 

CO 

o 

Bp 

in 

m 

P 

r- 

in 

04 

o 

r- 

NO 

(S3 

o 

CO 

t*- 

iH 

CO 

Bp 

04 

ON 

t-H 

CO 

vO 

04 

04 

i-H 

vO 

cO 

rH 

« 

r 

wt 

•» 

«k 

«k 

•s 

CO 

Bp 

rH 

rt 

i-H 

rH 

1^ 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

© 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

m 

CO 

o 

o 

m 

© 

o 

04 

l-H 

o 

o 

i-H 

04 

vO 

i-H 

ON 

CO 

O' 

•p 

04 

rO 

co' 

in' 

00 

Bp" 

Bp" 

CO 

o’ 

o 

o 

sO 

04 

ON 

in' 

vO 

CO 

o 

cO 

04 

1  ou 

o 

On 

CO 

ON 

00 

04 

ON 

CO 

o 

Bp 

CO 

CO 

P 

r- 

•p 

On 

CO 

in 

00 

nO 

04 

SO 

04 

CO 

04 

ON 

1^ 

•BP 

in 

M 

04 

i-H 

m 

04 

rH 

•» 

•k 

•» 

•» 

» 

•k 

•k 

04 

CO 

»— 4 

H 

i—4 

i-H 

i-H 

*fy 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

co 

00 

00 

o 

o 

o 

o 

o 

•Bp 

o 

o 

o 

sO 

o 

ON 

vO 

vO 

in 

04 

cO 

vO 

on 

o 

m 

sO 

in 

•Bp" 

Tp" 

04 

o 

o 

-Bp" 

o 

1— H 

r^* 

CO* 

BP 

04 

sO 

-P 

CO 

04 

cO 

o 

04 

04 

ON 

CO 

o 

CO 

CO 

n 

cO 

oo 

oo 

oo 

00 

in 

o 

i— H 

NO 

ON 

rH 

bP 

■p 

04 

ON 

i-H 

i-H 

00 

•cO 

04 

i-H 

sO 

BP 

04 

•» 

•k 

v. 

** 

at 

Bp 

m 

>—H 

I-H 

i-H 

•—4 

rH 

y* 

o 

o 

o 

o 

o 

o 

O 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

NO 

m 

CO 

m 

o 

ON  vO 

o 

1—4 

•-H 

o 

o 

04 

i-H 

h- 

P 

00 

vO 

BP 

r4 

rH 

00 

CO 

Is- 

r- 

in 

04 

co 

•p" 

»—4 

o 

o 

o 

vO 

O^ 

00 

r*^ 

CO 

t^* 

0N 

Ch 

h> 

04 

04 

m 

CO 

IT) 

o 

(NJ 

♦-4 

CO 

o 

o 

p 

O' 

CO 

Bp 

rn 

i-H 

o 

CO 

oo 

<-H 

ro 

Bp 

04 

o 

t-H 

CO 

r- 

04 

t — 4 

b£5 

•p 

fM 

*• 

n 

•» 

«k 

«* 

•k 

<% 

co 

Bp 

i-H 

rt 

i-H 

04 

1— t 

o 

o 

o 

o 

O 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

04 

IfJ 

nO 

BP 

o 

CO 

ON 

o 

m 

r- 

o 

o 

on 

NO 

oo 

i—4 

CO 

CO 

«—4 

vO 

CO 

CT* 

i-H 

04* 

in 

r^' 

■Bp" 

00 

r- 

o 

o’ 

CO 

co 

1—4 

in 

o 

CO 

o 

in 

Bp" 

CO 

co 

00 

cO 

ON 

co 

04 

o 

04 

o 

on 

b£) 

Bp 

r- 

v£> 

04 

Bp 

CO 

m 

04 

o 

0- 

^H 

04 

CO 

04 

o 

^H 

Bp 

nO 

04 

04 

1—4 

NO 

CO 

1— 1 

* 

«* 

*» 

•k 

•k 

n 

cm 

CO 

*-H 

l-H 

i-H 

04 

»-H 

-€^- 

05  05  Bl  «  O 

u  m  u  <o 

Hi  <15  V  >  T3 

*  £  £  u  rt 

0  0  O  9)  ® 

H  H  H  “  tf 


>.  °  >b  h 
3  CQ  co  ™ 
rl  .  v 


H  tfw  OWUftU^aJQ 


o  in 
o  o 


ooooooooooooooooooooo 

ooooooooooooooooooooo 


o 

o 

co 


H 

rH 

Pk 

Pk 

Pk 

Pk 

Pk 

Pk 

p« 

Pk 

* 

Pk 

•k 

•k 

pi 

Pk 

Pk 

Pk 

Pk 

Pk 

p« 

4% 

•k 

Pk 

t-H 

CM 

i-H 

m 

CO 

H* 

H< 

CO 

v£5 

O 

o 

CO 

CO 

Hi 

in 

in 

rH 

CO 

o 

rH 

00 

m 

o 

O' 

rO 

cO 

CO 

CM 

Is- 

co 

O 

o 

m 

m 

H* 

r- 

m 

CM 

o 

o 

CM 

oo 

r- 

o 

O'* 

i-H 

r- 

H« 

CM 

CO 

rH 

CM 

vO 

CM 

CM 

rH 

vD 

m 

rH 

o 

CM 

Pk 

pk 

Pk 

Pk 

Pk 

Pk 

•k 

Pk 

Pk 

• 

H< 

sO 

r-H 

rH 

rH 

^H 

pH 

CO 

CM 

Oh 

od 

CM 

<i 

fa 

fa 

fa 

fa 

+ 

o 

o 

o 

O 

o 

o 

o 

o 

o 

O 

o 

O 

o 

o 

o 

o 

o 

O 

o 

O 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

O 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

O 

o 

• 

■ 

CO 

sO 

O' 

CM 

o 

sO 

r- 

o 

vO 

o 

o 

rH 

r-H 

(M 

vD 

rH 

CO 

CO 

co 

Hi 

CM 

CM 

i-fa 

rH 

„ 

Pk 

Pk 

pk 

Pk 

#k 

„ 

Pk 

•k 

Pk 

Pk 

Pk 

Pk 

pk 

Pk 

„ 

Pk 

p. 

•« 

pk 

•k 

H< 

H< 

vC 

CM 

m 

CM 

CO 

H- 

CM 

in 

o 

CM 

vO 

CM 

CO 

m 

vD 

CO 

o 

co 

CM 

CO 

ii 

o 

00 

1—4 

'£> 

CO 

-tf 

I-H 

CM 

vO 

CO 

o 

NO 

00 

CO 

HI 

HI 

o 

00 

r- 

m 

CO 

o 

H 

pH 

i—4 

H< 

Hi 

CM 

CO 

i-H 

CM 

m 

CM 

CM 

rH 

in 

CM 

rH 

<z 

•k 

>k 

•k 

pk 

Pk 

Pk 

Pk 

Pk 

• 

H< 

m 

H 

i-H 

i-H 

(—4 

rH 

o 

cd 

cd 

CM 

H*- 

< 

fa 

■fa- 

■y* 

MH 

o 

O 

m 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

O 

o 

o 

O 

o 

o 

o 

O 

o 

O 

CM 

o 

O'- 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

• 

• 

vO 

oo 

o 

O' 

o 

CO 

vO 

o 

00 

CO 

o 

o 

CM 

o- 

CO 

o 

r- 

oo 

H< 

in 

00 

H< 

cn 

I— 4 

o 

Pk 

Pk 

Pk 

«k 

#k 

p, 

«k 

Pk 

p. 

Pk 

Pk 

Pk 

Pk 

% 

Pk 

Pk 

Pk 

Pk 

•k 

Pk 

•k 

Pk 

p. 

i-H 

SO 

00 

in 

•H 

00 

HI 

CM 

o 

o 

CO 

HI 

CO 

m 

o 

o 

CO 

CM 

r- 

CM 

vO 

1) 

ii 

vO 

00 

H< 

r- 

CO 

vO 

O'* 

CM 

i-H 

CO 

o 

H< 

vO 

HI 

m 

r- 

HI 

00 

m 

co 

o 

rO 

CO 

H* 

co 

H* 

vO 

i  4 

cO 

CO 

CM 

o 

rH 

CO 

m 

CM 

CM 

rH 

m 

CM 

r-H 

o 

co 

o 

Pk 

#» 

Pt 

4k 

Pk 

Pk 

«k 

Pk 

u 

• 

• 

CO 

H< 

rH 

1—4 

i-H 

CM 

rH 

00 

l-H 

«  cd 

t-H 

Q 

• 

W 

fa 

<! 

fa 

fa 

t 

m 

o 

o 

o 

o 

o 

o 

o 

o 

O 

O 

o 

o 

o 

o 

O 

o 

O 

o 

o 

o 

o 

o 

o 

o 

CO 

CM 

o 

o 

o 

O 

o 

o 

o 

O 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

rH 

• 

• 

H< 

m 

H1 

i-H 

o 

vO 

o 

O 

o- 

o 

o 

CM 

1—4 

r- 

HI 

00 

<5 

HI 

CM 

t—l 

CM 

o 

H 

o 

rH 

Pk 

Pk 

Pk 

Pk 

Pk 

Pk 

«, 

p. 

vO 

„ 

•» 

Pk 

p. 

p. 

Pk 

p. 

Pk 

p. 

Pk 

.« 

«k 

fa 

W 

»r. 

O' 

vO 

CO 

in 

CM 

CO 

Hi 

o 

o 

o 

00 

o- 

CO 

o- 

HI 

O' 

O' 

CO 

H< 

ii 

in 

*-H 

oo 

r* 

CO 

o 

CO 

CM 

CO 

o 

00 

H* 

CO 

CO 

o* 

Hi 

o 

Is- 

rH 

CM 

00 

n- 

o 

O' 

00 

i—4 

m 

HI 

CM 

CO 

f— 4 

o 

CM 

CM 

rH 

'-O 

H< 

CM 

o 

(H 

fa 

Pk 

Pk 

Pk 

Pk 

•» 

Pk 

pp 

4k 

• 

H< 

nO 

i— H 

i—4 

i-H 

rH 

i— c 

CO 

CM 

O 

od 

fa 

CM 

fa 

Pd 

< 

fa 

fa 

•w- 

fa 

<5 

2 

2 

in 

o 

o 

o 

o 

o 

o 

O 

o 

O 

o 

o 

o 

o 

o 

O 

o 

o 

O 

o 

o 

o 

O 

O 

O 

CO 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

O 

o 

o 

O 

o 

o 

o 

O 

O 

o 

• 

• 

co 

CM 

O' 

00 

o 

rH 

C'- 

O 

o 

O'- 

o 

o 

CO 

vO 

00 

rH 

00 

00 

rH 

sO 

co 

CO 

rO 

fa 

o 

l—l 

•k 

•k 

«k 

4k 

4k 

•k 

Pk 

•k 

w 

* 

•k 

Pk 

•k 

4k 

Pk 

•k 

n 

«k 

4k 

•k 

*» 

vO 

CM 

H< 

CM 

m 

in 

CO 

Hi 

CM 

CM 

o 

o 

CO 

CO 

rH 

m 

o 

CO 

o 

m 

Hi 

rH 

ii 

H* 

sO 

o 

cO 

o 

t-H 

CM 

H< 

CO 

o 

in 

CO  vO 

H< 

r*- 

SO 

CM 

H< 

00 

rn 

CM 

1 

r- 

in 

00 

Hi 

HI 

CM 

CO 

l-H 

CM 

vO 

CM 

CM 

f— 1 

vO 

co 

r*H 

O 

O 

• 

cO 

H<" 

i—i 

i—i 

i-H 

i—H 

cT 

fa 

& 

• 

fa 

CM 

fa 

c 

fa 

■fa 

■yv 

fa 

fa 

«! 

fa 

jsam* 

fa  z 

a) 

CD 

% 

o 

>— i 

CO 

u 

pH 

W) 

rO 

-i 

• 

o 

fa 

w 

D 

a 

o 

g 

0 

w 

fa 

2 

o 

fa 

fa 

Q 

CO 

u 

(0 

u 

CO 

u 

u 

D 

* 

o 

H 

4-5 

w> 

*s 

£ 

0 

fa 

• 

4-5 

£ 

4-5 

u 

vi 

i 

0JD 

P 

•rH 

CO 

0 

o 

fa 

Q 

1 

W) 

Pi 

•  rH 

CO 

0 

o 

fa 

CO 

4-> 

•rH 

P 

D 

4-» 

U1 

mH 

0 

fa 

CO 

>> 

p 

o 

u 

0 

o3 

• 

Tl 

p 

0 

/stem 

•  rH 
4-5 
0 

•  rH 

u 

4-> 

CO 

a 

i-H 

at 

a 

0 

•H 

4-» 

flj 

o 

6 

D 

4-5 

CO 

>> 

>» 

rH 

P4 

Pi 

m 

4-> 

$ 

s 

V 

> 

0 

§ 

o 

fa 

COST  DIFFERENC 

od 

W 

fa 

2 

0 

<0 

* 

o 

H 

V 

tf 

0 

fa 

o 

* 

o 

H 

* 

U 

D 

4-> 

§ 

a! 

D 

rH 

oa 

CO 

4-5 

W 

<3 

CO 

4-5 

CO 

ID 

i-H 

■s 

4-5 

u 

4-5 

fa 

6 

D 

u 

PQ 

4-5 

o 

2 

fa 

§ 

0 

fij 

a 

♦iH 

u 

4-5 

a 

ci> 

•rH 

0 

jj 

• 

fa 

9 

0 

fa 

00 
0 
•  rH 
r-H 

o 

d 

CO 

M 

D 

4-5 

cn 

TJ 

aJ 

D 

00 

a* 

P 

•rH 

CU3 

0 
•  iH 

o 

a 

u 

1 

4) 

fa 

0 

fa 

cri 

u* 

0 

0 

0 

o 

0 

0 

ft 

fa 

hi 

u 

0 

9 

0 

aJ 

0 

u 

V 

4-5 

A 

B 

C 

O 

Q 

fa 

fa 

fa 

H 

fa 

0  w 

U  fa 

U 

?  Pi  Q  fa 

fa 

_ 

i 


I 

I 


o 

© 

o 

o 

o 

o 

o 

o 

O 

o 

O 

o 

© 

o 

o 

o 

O 

o 

O 

o 

© 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

© 

o 

o 

© 

o 

© 

o 

o 

© 

o 

o 

Is- 

aj 

tF 

O' 

o 

rA 

LA 

o 

»*H 

xO 

o 

© 

© 

IA 

LA 

O' 

A3 

CA 

l-H 

iA 

r-H 

l-H 

rA 

O' 

I'-' 

LA 

^H 

>o 

■H4’ 

A-" 

o 

o 

o 

CA 

00 

aT 

r^* 

xO 

AJ* 

cA 

oo 

o 

i-H 

00 

'O 

00 

m 

V© 

rA 

AJ 

l-H 

o 

Ai 

O' 

n£> 

A- 

A3 

LA 

O 

x£) 

l-H 

j  O'  ^ 

sD 

i-H 

IA 

N 

o 

i-H 

i-H 

IA 

rH 

A3 

i-H 

LA 

A3 

*-H 

•s 

•s 

* 

•* 

a, 

•s 

a. 

la 

A- 

N 

^H 

A3 

r-H 

•w 

o 

O 

o 

o 

o 

o 

© 

© 

O 

o 

o 

o 

o 

© 

o 

O 

O 

O 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

O 

O 

© 

o 

o 

O 

O 

o 

o 

oo 

AJ 

A- 

rO 

o 

A- 

A- 

o 

A3 

CA 

o 

o 

»—4 

AJ 

sO 

l-H 

O' 

CA 

©  ^ 

(M 

a? 

A3 

xO 

F— H 

iA 

00 

CA 

LA 

»*H 

o 

o 

xD 

aT 

O' 

iA 

vO 

cA 

o 

CA 

m“ 

t'- 

O 

o 

00 

(A 

o 

xO 

A3 

A3 

o 

00 

CA 

r- 

© 

CO 

r- 

lA 

■* 

AJ 

A- 

A- 

i-H 

A- 

•h* 

A3 

O' 

1—4 

l-H 

LA 

A3 

A3 

l-H 

IA 

A3 

1—4 

* 

•» 

M 

•% 

as 

at 

#> 

vO 

oo 

A3 

i-H 

!“H 

^H 

^H 

<0- 

o 

o 

O 

o 

o 

o 

O 

O 

o 

o 

o 

o 

O 

O 

o 

O 

o 

O 

O 

o 

o 

o 

O 

O 

o 

o 

o 

o 

O 

o 

© 

o 

o 

O 

O 

o 

o 

o 

o 

O 

o 

© 

A3 

A- 

LA 

o 

o 

A3 

o 

■* 

A3 

o 

o 

A3 

r- 

f— 

O' 

o 

A- 

00 

iA 

f— H 

xO* 

i— 4 

A3 

iA 

i-H 

iA 

r-H 

O' 

o 

o 

CA 

CA 

IA 

o' 

o' 

CA 

A3 

A-* 

o 

*— i 

00 

LA 

rA 

iA 

A3 

CA 

o 

O' 

NO 

IA 

Tf 

00 

IA 

cA 

r- 

A3 

ro 

A- 

i— H 

vO 

h 

A3 

O' 

l-H 

l-H 

iA 

A3 

A3 

l-H 

IA 

A3 

l-H 

s» 

a* 

«s 

a. 

as 

as 

as 

LA 

A- 

A3 

i— H 

rH 

r-H 

O 

O 

O 

o 

o 

o 

O 

O 

o 

O 

o 

o 

O 

O 

O 

O 

o 

O 

O 

o 

O 

O 

o 

O 

o 

o 

o 

o 

O 

o 

o 

o 

o 

O 

O 

o 

O 

o 

O 

o 

o 

o 

CA 

00 

A- 

o 

CA 

O' 

O 

o 

iA 

o 

o 

A3 

o 

sO 

i—4 

A* 

LA 

CA 

oo 

O' 

A3 

00 

IA 

O 

l-H 

00 

A-* 

o' 

o' 

O' 

CA 

DO 

00 

CA 

A-* 

i-H 

cA 

i — ( 

O' 

i— < 

xO 

fA 

O' 

A3 

A3 

O' 

rA 

o 

vO 

iA 

O' 

LA 

00 

CA 

vO 

A3 

r- 

t'l 

00 

O 

© 

x£> 

i-H 

h 

-l4 

A3 

O' 

t— 4 

A3 

LA 

l-H 

A3 

i-H 

LA 

(M 

l-H 

n 

«« 

* 

•» 

as 

•» 

*s 

•& 

xO 

A3 

r—i 

i-H 

r-H 

i-H 

o 

O 

O 

o 

o 

o 

o 

O 

o 

O 

o 

o 

O 

o 

O 

O 

o 

O 

o 

o 

o 

o 

O 

O 

o 

o 

o 

o 

O 

o 

O 

o 

o 

O 

o 

O 

O 

o 

O 

o 

o 

o 

i-H 

O' 

xO 

o 

1—4 

A3 

O 

oo 

t-H 

o 

o 

O' 

vO 

00 

l-H 

00 

00 

i-H 

xO 

oA 

o 

rO 

o 

cA 

iA 

LA 

A~* 

nA 

00 

cT 

o 

CA 

CA 

i—l 

LA 

O 

CA 

o 

LA 

'i4' 

00 

xO 

ro 

ro 

CA 

O' 

A3 

vO 

CA 

o 

A3 

O' 

NO 

A- 

xO 

A3 

r- 

00 

to 

O 

rO 

00 

l-H 

IA 

A3 

O' 

l-H 

i-4 

xO 

A3 

A3 

t-H 

xO 

CA 

t-H 

A 

at 

•» 

as 

as 

•s 

LA 

A- 

A3 

i-H 

l-H 

i-H 

W  to  tfl  -rH  n 

M  M  h  D 

0)  t>  t>  fe  T3 

£  £  £  u  * 

O  0  O  D  ® 

1  1  1  o  o 

<  ffl  U  U  P 


<D 

'eb  ^ 

£  6 
w  Q  n 


an  no  >5 
S  rt  p 

•  H  'H  ^ 

2  2  w 
o  o  o 

W  HH 
H  ^  H 

*  ■»  .2 

03  M  -5 
+j  *j  ra 
OS  03  *> 
•  rt  *iH  h 

o  o  o 

n  a  & 


W  £  CO 
>s°  >s 

3  ffl  U3 


0J  3  <U 

(0'-'  ,x,'[]?iJrPW  «f 

w  ®  o  S  £  8  -■  .  .3  ft  i}  «  • 

o  ©  £  u  ^  °  •  °  J?  °  i 
H  to  w  OWUfcU^tfP 


COST  DIFFERENCE 

FROM  PER  +$  7,944,600  +$  11,440,600  +$  17,478,800 
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